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Dans la première partie de cette thèse, nous examinons la morphologie des chenaux de rivières en tresses et de rivières à méandres dans l'avant-pays Himalayen. Nous comparons des mesures de terrain de largeur, de profondeur, de pente et de débit effectuées sur ces chenaux individuels. Ces observations révèlent que les relations de régime des chenaux sont indentiques, que les rivières dont ils sont issus soient en tresses ou à méandres. Nous montrons en outre que les tendances de ces lois de régimes sont prédites par la théorie du seuil de mise en mouvement. Nous utilisons donc cette théorie pour soustraire les tendances de nos données et créer un ensemble de mesures homogène statistiquement et indépendantes du débit. La distribution statistique de ces données résiduelles confirme que les chenaux des rivières en tresses ou à méandres sont statistiquement comparables et nous amène à conclure que les rivières en tresses peuvent être considérées comme un ensemble de chenaux ayant une géométrie similaire à la géométrie d'une rivière à méandres. Dans la seconde partie de cette thèse, nous montrons que la relation entre la largeur et le débit d'un chenal peut être utilisée, à l'aide d'image Landsat, pour obtenir une estimation convenable du débit des rivières de l'avant-pays Himalayen. À cette fin, nous avons développé un algorithme permettant d'extraire automatiquement la largeur des chenaux d'images Landsat. Pour chaque chenal extrait de l'image, le débit est ensuite calculé à partir de la relation entre la largeur et le débit, établie en première partie de cette étude. Dans le cas des rivières en tresses, les débits des chenaux individuels sont alors sommés pour estimer le débit total. En utilisant cette méthode, nous évaluons le débit de six rivières majeures de l'avant-pays Himalayen: l'Indus, la Cheenab, le Ganges, la Kosi, la Teesta et le Brahmapoutre. Pour ces rivières, nos estimations du débit correspondent aux débits moyens annuels enregistrés par les stations hydrométriques.
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Further, alluvial rivers are well-known for pattern transitions in space and time. These changes from one pattern to the other often respond to changes in the system boundary conditions (e.g., particle size, water and sediment supply or riparian vegetation) [START_REF] Leopold | River channel patterns: braided, meandering, and straight[END_REF][START_REF] Parker | On the cause and characteristic scales of meandering and braiding in rivers[END_REF][START_REF] Schumm | Patterns of alluvial rivers[END_REF][START_REF] Van Den Berg | Prediction of alluvial channel pattern of perennial rivers[END_REF][START_REF] Tal | Dynamic single-thread channels maintained by the interaction of flow and vegetation[END_REF][START_REF] Métivier | Alluvial Landscape Evolution: What Do We Know About Metamorphosis of Gravel-Bed Meandering and Braided Streams?[END_REF]. This characteristic of alluvial rivers has long attracted attention, and studies have been conducted to understand the processes and mechanisms that lead to the development of a specific river pattern. Various empirical and analytical theories have been proposed, yet the reason why an alluvial river develops a specific pattern remains an open question [START_REF] Métivier | Alluvial Landscape Evolution: What Do We Know About Metamorphosis of Gravel-Bed Meandering and Braided Streams?[END_REF].

Hereafter we provide a synthetic review on alluvial river patterns. We first discuss how empirical and theoretical studies have attempted to explain the initiation and development of braided and meandering rivers. We show that past studies have concentrated either on the conditions under which meandering and braided patterns exist, or on the initiation of braiding and meandering. By contrast few studies have compared individual threads of fully developed systems. Such a comparison relies on the analysis of the hydraulic geometry of a river channel. After a brief overview of the literature on this matter, we present one special form of channel section, the threshold channel, when the force exerted by the flow on the bed is everywhere at the theshold of motion. We discuss how this particular geometry can be used to compare threads of a braided and meandering rivers.

Anatomy of alluvial river pattern

Empirical studies

Since the beginning of the 20th century, researchers have performed field measurements and laboratory-based experiments to study braided or meandering rivers. [START_REF] Schumm | Patterns of alluvial rivers[END_REF] compiled a set of observations that relate different geologic, hydrologic, or morphologic variables to the typical river planforms (figure 1.2). For example, field observations tend to associate braiding to high sediment discharge, coarse sediment and high flow velocity.

In his analysis, [START_REF] Schumm | Patterns of alluvial rivers[END_REF] considered sediment load, particle size, flow velocity, sediment transport type (suspended, mixed and bed load), and ratio of bed load to the total load as independent parameters and placed them on the x-axis. Similarly, he considered aspect-ratio and channel gradient as dependent variables and placed them on the y-axis. Based on this plot, he suggested that, at higher flow velocity, sediment load, grain size, and bed load transport, alluvial rivers usually develop multiple-thread braided pattern and become more unstable. Conversely, for smaller values of these variables, alluvial rivers develop a single-thread, straight or meandering channel. Further, [START_REF] Schumm | Patterns of alluvial rivers[END_REF] highlighted that pattern transition in alluvial rivers is related to the aspect ratio and the channel gradient. For a given discharge, braiding pattern develops at relatively higher aspect-ratio and slope as compared to meandering. [START_REF] Leopold | River channel patterns: braided, meandering, and straight[END_REF] studied the influence of the stream slope on the selection of an alluvial river's pattern. Based on field measurements of streamwise slope of various braided and meandering rivers, at bankfull discharge, they observed that braided rivers exhibit higher slopes than meandering rivers for a given water discharge (figure 1.3).

Based on their observations they suggested the existence of a threshold slope (S t ) that depends on the bankfull discharge (Q bf ) in cubic feet per second according to S t = 0.06Q -0.44 bf .

(1.1) Rivers having slopes above that threshold value would develop a braided pattern, whereas rivers having a slope below the threshold would develop a meandering pattern. Later [START_REF] Schumm | Experimental study of channel patterns[END_REF], in an experimental study, observed that channel slope may not be the primary parameter in pattern transformation because it depends on sediment supply. They noticed that at a constant water discharge, increase in sediment supply leads to increase in channel slope and initiates braiding (figure 1.4).

Sediment They therefore suggested that in river pattern transformations, the channel slope seems to act as a dependent variable rather than an independent one. [START_REF] Paola | Modelling stream braiding over a range of scales[END_REF] came to a similar conclusion. The importance of bedload as a driver of pattern transition was also demonstrated by [START_REF] Smith | William River: An outstanding example of channel widening and braiding caused by bed-load addition[END_REF] from the example of the William river (Alberta, Canada), whose pattern dramatically changes from meandering to braided due to a massive lateral sediment input from a nearby sand field. [START_REF] Osterkamp | Perennial-streamflow characteristics related to channel geometry and sediment in Missouri River basin[END_REF], [START_REF] Carson | The meandering-braided river threshold: a reappraisal[END_REF][START_REF] Ferguson | Hydraulic and sedimentary controls of channel pattern, River channels: environment and process[END_REF], introduced sediment size as an important parameter that controls the pattern changes of alluvial rivers. They observed that, for a given channel slope and water discharge, river pattern could be highly influenced by size of the bed particle. They suggested that, the majority of rivers that are composed of fine-grained sediments are likely to meander, while rivers composed of coarse-grained sediments are often braided. In addition [START_REF] Schumm | The shape of alluvial channels in relation to sediment type[END_REF] Finally, Tal andPaola (2007, 2010) suggested that riparian vegetation may influence significantly on the channel pattern. In their experimental study, they grew alfalfa on the bars of a sandy braided river. Repeated cycles of short periods of high water discharge alternating with longer periods of low discharge, when the bars were emerged, allowed the sprouts to grow and colonize the braided channel. They observed that the initially braided channel evolved towards a stable single-thread channel with well-defined banks and floodplain. Based on their observations, they suggested that riparian vegetation increases the bank cohesion and thus shields the bank from erosion.

Linear stability analysis

The above empirical observations are useful to understand which parameters can influence pattern changes in alluvial rivers. They do not explain the physical mechanism behind such transformations. [START_REF] Parker | On the cause and characteristic scales of meandering and braiding in rivers[END_REF] developed a theoretical analysis to describe the origin of meandering and braiding in rivers. He studied the evolution of a perturbation of a channel with an initially flat bed and non-erodible banks. His analysis suggests that the development of bars leading to braiding or meandering cannot occur from the water flow itself. Contrary to Yalin's opinion, the coupling between water flow and sediment transport are necessary for bars to develop (figure 1.6) [START_REF] Yalin | Mechanics of sediment transport[END_REF]. 

ǫ * = 1 π S F B H 0 (1.2)
where S is the streamwise slope, F = u 0 √ gH 0 is the Froude number, u 0 is the flow velocity, g is the acceleration of gravity, B is the channel width and H 0 is the flow depth.

When ǫ * << 1 alternate bars develop that could lead to meandering, when ǫ * >> 1 multiple row bars develop and could lead to braiding. In the case of braiding, the number of bars, m proportional to ǫ * . This further indicates that meandering occurs for S F << H 0 B , whereas braiding occurs for S F >> H 0 B .

These relationships are consistent with observations in natural rivers: meandering rivers usually have gentle slopes and small width to depth ratios compared to braided rivers. [START_REF] Parker | On the cause and characteristic scales of meandering and braiding in rivers[END_REF] finally concluded that while sediment transport is important for the development of the instability, whether this instability results in the development of meandering or braiding is independent of the sediment load.

Using a similar stability analysis [START_REF] Crosato | Simple physics-based predictor for the number of river bars and the transition between meandering and braiding[END_REF], predicted the number of steady bars in a given river cross section:

m = β π (b -3)f (θ 0 )c f (1.3)
where β is the aspect ratio, b is the degree of non linearity of the sediment transport formula, c f is the friction coefficient, and f (θ 0 ) the function for gravity effects on sediment transport direction over transverse bed slopes.

Based on the value of m for a given cross-section [START_REF] Crosato | Simple physics-based predictor for the number of river bars and the transition between meandering and braiding[END_REF] predicted whether a river is meandering or braided. They assumed that meandering is characterised by a maximum of one bar (bar number m ≤ 1.5), and braiding by at least two bars (bar number m ≥ 1.5). Similarly the transition from meandering to braided occurs in range between 1.5 < m < 2.5. Their model agrees fairly well with data from rivers with an aspect ratio below 100. Furthermore, they proposed that natural rivers usually start to develop a braided pattern at aspect ratios of about 50, that lies between Fredsøe's threshold value of 40 and Rosgen's value of 60 [START_REF] Fredsøe | Meandering and braiding of rivers[END_REF][START_REF] Rosgen | A classification of natural rivers[END_REF].

The above discussed empirical and theoretical studies help to unravel the governing parameters and physical processes that lead to the development of braided and meandering patterns. However, they do not tell us much about fully-developed systems. Once instabilities develop, the channel gradually evolves into a single-thread meandering or multithread braided system. Since both channel types have a similar physical origin one may wonder whether threads of meandering and braided rivers have comparable morphologies.

To go further, lets us consider two fully developed meandering and braided rivers with comparable sediment, grain size and vegetation (figure 1.7).

In 

Empirical approach

The term hydraulic geometry was introduced to describe a functional relationship between the parameters that describe the morphology of a river section (the width W , the depth H, the downstream slope S), and some imposed independent variables such as the flow and sediment discharge or the grain size of the alluvium that composes the bed. The regime equations are often based on the assumption that rivers have reached some equilibrium or quasi-equilibrium state and that the flow is steady and uniform. It was probably [START_REF] Lacey | Stable channels in alluvium (Includes Appendices)[END_REF], who first observed a dependency of a river's width on its discharge. Based on measurements in various single-thread alluvial rivers and canals in India and Egypt, he found that a river's width scales as the square root to the water discharge (figure 1.8).

Later [START_REF] Leopold | The hydraulic geometry of stream channels and some physiographic implications[END_REF], noticed that all the above mentioned variables (W, H, S in feet) scale as power laws of the water discharge Q w , in cubic feet per second.

These relationships are usually expressed in the form W = aQ e w , H = bQ f w , S = cQ g w .

(1.4)

where coefficients a, b, c and exponents e, f, g are numerical constants. Interestingly, measurements of W, H, S and Q w in various rivers of different geographical regions, exhibit remarkably consistent values for the exponents in equation 1.4. Among these the most famous is that of a river's width first observed by [START_REF] Lacey | Stable channels in alluvium (Includes Appendices)[END_REF]. However, the coefficients (a, b, c) in equation 1.4 vary over a large range. This is probably because, in addition to water discharge, several other independent parameters, such as sediment bedload flux (Q bs ), grain size (d s ), sediment density(ρ s ), and other factors (i.e., bank cohesion, riparian vegetation etc.) affect the river flow [START_REF] Ashmore | Confluence scour in coarse braided streams[END_REF][START_REF] Andrews | Bed-material entrainment and hydraulic geometry of gravel-bed rivers in Colorado[END_REF][START_REF] Parker | Physical basis for quasi-universal relations describing bankfull hydraulic geometry of single-thread gravel bed rivers[END_REF][START_REF] Métivier | Alluvial Landscape Evolution: What Do We Know About Metamorphosis of Gravel-Bed Meandering and Braided Streams?[END_REF]. Thus detailed formulation of river hydraulic geometry relations should be written in functional form as

W, H, S = f (Q w , Q bs , d s , ρ f , ρ s , g, other factors) (1.5)
Moreover, [START_REF] Andrews | Bed-material entrainment and hydraulic geometry of gravel-bed rivers in Colorado[END_REF] and [START_REF] Parker | Physical basis for quasi-universal relations describing bankfull hydraulic geometry of single-thread gravel bed rivers[END_REF] argued equation 1.5 is too general to we practically useful, as many of its parameters such as bank cohesion or riparian vegetation are difficult to quantify. Hence [START_REF] Andrews | Bed-material entrainment and hydraulic geometry of gravel-bed rivers in Colorado[END_REF] and [START_REF] Parker | Physical basis for quasi-universal relations describing bankfull hydraulic geometry of single-thread gravel bed rivers[END_REF] proposed to reduced equation 1.5 to

W, H, S = f (Q w , Q bs , d s , ρ f , ρ s , g) (1.6)

Semi-empirical approach

One of the major drawback of functional relationships obtained from the equation 1.4, that they are not dimensionally homogeneous. More importantly they depend on the chosen system of limits. To overcome this problem, researchers proposed a dimensionless formulation of equation 1.4, using semi-empirical approaches [START_REF] Parker | Hydraulic geometry of active gravel rivers[END_REF][START_REF] Andrews | Bed-material entrainment and hydraulic geometry of gravel-bed rivers in Colorado[END_REF][START_REF] Millar | Theoretical regime equations for mobile gravel-bed rivers with stable banks[END_REF][START_REF] Parker | Physical basis for quasi-universal relations describing bankfull hydraulic geometry of single-thread gravel bed rivers[END_REF].

Andrews (1984) defined a dimensionless width (W * ), depth (H * ) and discharge (Q * ) as

W * = W d 50 , (1.7) H * = H d 50 , (1.8) 
Q * = Q w ρs ρ f -1 gd 5 50
.

(1.9)

where d 50 is median grain size of the surface bed materials.

Further, [START_REF] Andrews | Bed-material entrainment and hydraulic geometry of gravel-bed rivers in Colorado[END_REF] W/H = 425Q w * 0.12 C * -2.30 µ ′-2.90 .

(1.24)

where C * = -log 10 C (C is the dimensionless sediment concentration), µ ′ is the dimensionless ratio of the relative erodibility of the bank versus bed material.

Threshold theory

Although they address the physical origin of hydraulic geometry, the above regime equations are still based on empirical or semi-empirical considerations. To explore the physical basis of hydraulic geometry relations, [START_REF] Glover | Stable channel profiles[END_REF] and [START_REF] Henderson | Stability of alluvial channels[END_REF] proposed the concept of the threshold channel. In such channels, the balance between gravity and fluid friction maintains the sediment at threshold, everywhere on the bed surface. [START_REF] Glover | Stable channel profiles[END_REF], specified three zones, in a natural river cross-sections where this static equilibrium is either due to the gravity and fluid force or by the combination of these two forces (figure 1.9). At the river edge, the effect of fluid force is negligible, thus particles lying on the edge are at the angle of repose under the action of gravity. At the center of the channel, the drag force of the moving water holds the particles at the point of incipient motion. Elsewhere, the particle incipient motion results from the combination of the particle's submerged weight and the flow-induced drag force. For a given water discharge, this mechanism sets the width and the streamwise slope of an alluvial channel.

Recently [START_REF] Seizilles | Width of laminar laboratory rivers[END_REF], rederived the form of a threshold channel for laminar flow conditions. They also created laboratory channels to evaluate this analytical results experimentally.

Their experimental set-up consists of an inclined plane (190×90 cm) filled with an initially flat layer of plastic grains of diameter d s ≈ 200± 80 µm and density ρ s ≈ 1520± 50 gL -1 .

The experiment begins with a constant input of water discharge and no sediment supply on a flat bed of grains. A channel progressively forms that reaches an equilibrium state after one or two days. At this stage the channel is a single thread and almost straight with no visible moving grains (figure 1.10). Using laser sheets at two different incidence angles, [START_REF] Seizilles | Width of laminar laboratory rivers[END_REF] then measured the cross-section of this equilibrium channel.

Avalanche angle:

The stability of a river boundary (bed and banks) to erosion is determined, at first order, by the avalanche angle ψ. This angle materializes the equilibrium of a sediment grain lying on an inclined surface, and submitted to gravity.

When an individual sediment grain lies on a slope whose angle equals or exceeds ψ, it falls in the direction of the steepest descent.

To understand this mechanism, let us study the force balance on a sediment particle on an inclined surface. The tangential force (f t ) tends to dislodge the grains, whereas the normal force (f n ) holds the grain in place (figure 1.11).

Figure 1.11: Forces acting on non-cohesive, spherical grains lying on an inclined surface of an angle ψ with the horizontal direction.

According to Coulomb's law, to put particles in motion, the tangential force (f t ) must exceed a critical value given by the product of the normal force (f n ) with a coefficient of static friction µ. At the threshold of motion, the force balance reads

f t = µ f n . (1.25)
Sand particles lying on an inclined surface at the avalanche angle, experience the weight of the particle f g . Decomposition into tangential and normal components leads to

f t = f g sin ψ, f n = f g cos ψ.
(1.26)

Putting the value of equation 1.26 into equation 1.25 reads

µ = f t f n = tan ψ. (1.27)
where ψ ≈ 34 • , is the avalanche angle for non-cohesive dry sands [START_REF] Bagnold | The physics of wind blown sand and desert dunes[END_REF].

Force balance in the river:

In a river, the flow exerts a fluid force on the grains lying on the boundary (figure 1.12). The drag force due to flowing water acts to dislodge the sediment particles and reads

f t = αd 2 s τ (1.28)
where τ the fluid shear stress applied on the sediment particles, α is a coefficient of order one. It depends on the grain's shape and the particle Reynolds number. In laminar flows, no vertical force acts on the grains other than the weight and buoyancy. Thus we can write the normal force acting on an individual particle lying at the river boundary as

f n ≈ β(ρ s -ρ f )gd 3 s . (1.29)
where β is a shape factor of order 1. Again β depends of grain characteristics.

Substituting equations 1.28 and 1.29 into equation 1.27 reads [START_REF] Seizilles | Width of laminar laboratory rivers[END_REF]:

τ (ρ s -ρ f )gd s = β α µ ≡ θ t (1.30)
The left-hand side of equation 1.30 is known as the Shield number and was first defined by [START_REF] Shields | Application of similarity principles and turbulence research to bed-load movement[END_REF] in an experimental study of incipient motion. For grains to move the Shields number must be larger than θ t ∼ 0.3, more specifically, for a low grain Reynold number [START_REF] Lobkovsky | Erosion of a granular bed driven by laminar fluid flow[END_REF][START_REF] Seizilles | Width of laminar laboratory rivers[END_REF].

River shape without sediment transport River shape at equilibrium: [START_REF] Glover | Stable channel profiles[END_REF] developed an analytical solution to obtain the shape of a stable river. They considered an idealised channel, with no sediment transport and where the flow is steady and uniform. Figure 1.12 represents the section of such a river. The bed makes an angle ψ with the horizontal surface. This angle varies with the transverse coordinate y. Since our idealised channel has small aspect ratio, we can assume this angle to be small. We can then write this angle ψ as:

tan ψ = - dH dy = -H ′ . (1.31)
where H is the channel depths, and y is the transverse coordinate.

Forces balance:

Sediment particles lying on the inclined surface of a river surface, are subject to incipient motion due to the effect of gravitational and fluid forces acting on them. The normal and tangential components of the gravitational force can be written:

F g,n = αd 3 s (ρ s -ρ f )g cos ψ, (1.32) F g,t = αd 3 s (ρ s -ρ f )g sin ψ.
(1.33) Moreover, theses particles experiences a fluid stress in the streamwise direction (x). For a steady uniform flow and under the shallow-water approximation the corresponding force on a particle reads:

F fluid = βd 2 s ρ f gHS. (1.34)
where S is the downstream slope.

Both F g,t and F fluid are orthogonal to each others. The resultant force (F ) applied on the particles at the river bank reads

F = (βd 2 s ρ f gHS) 2 + (αd 3 s (ρ s -ρ f )g sin ψ) 2 . (1.35)
According to 1.27, at the threshold of motion we have .36) where µ corresponds to the particle threshold for incipient motion.

F F g,n = µ. ( 1 
Hence, (βd

2 s ρ f gHS) 2 + (αd 3 s (ρ s -ρ f )g sin ψ) 2 αd 3 s (ρ s -ρ f )g cos ψ = µ, (1.37)
which reduces to

βρ f αd s (ρ s -ρ f ) cos ψ HS 2 + tan 2 ψ = µ. (1.38)
Assuming the angle ψ is small cos ψ ∼ 1. Using equation 1.31, equation 1.38 eventually reduces to

HS L 2 + H ′ 2 = µ. (1.39)
where L is a characteristic length [START_REF] Seizilles | Width of laminar laboratory rivers[END_REF])

L = αd s β ρ s -ρ f ρ f .
(1.40) [START_REF] Seizilles | Width of laminar laboratory rivers[END_REF] suggested, this characteristic length only depends on the sediment type and is of the order of one grain diameter. In the differential equation 1.39, the typical scale of channel is L/S. This suggests that for a small slope the channel scale is clearly separated from the grain size.

The differential equation 1.39 has an analytic solution of the form

H(y) = µL S cos Sy L .
(1.41) Equation 1.41 predicts a cosine shape of the channel section [START_REF] Glover | Stable channel profiles[END_REF][START_REF] Seizilles | Width of laminar laboratory rivers[END_REF]. As quoted earlier, the scale of this cosine shape depends on its streamwise slope S. Furthermore, equation 1.41, predicts a constant aspect ratio (width/depth) value that is independent from the discharge of the river.

W H = π 2 2µ ∼ 7.
(1.42)

In their laminar experiment, [START_REF] Seizilles | Width of laminar laboratory rivers[END_REF], found an average aspect ratio consistent with the prediction of equation 1.42.

Channel size and regime relations for turbulent flows The cosine shape derived above is still valid for a turbulent flow under steady uniform conditions. It can then be used to derive regime relationships for a turbulent river section. Indeed, the size of a threshold river can be obtained from the integration of its flow velocity profile over the entire section. Indeed, the fluid stress can be written in terms of flow velocity and fluid density as

τ = ρ f (C f u) 2 (1.43)
where τ is the fluid stress, u is the vertically-averaged flow velocity, and C f is the friction of coefficient (also called Chezy coefficient). Here we assume that this coefficient is constant and C f ≈ 0.1, although it can vary depending with the Reynolds number and the bed roughness [START_REF] Moody | Friction factors for pipe flow[END_REF][START_REF] Parker | Physical basis for quasi-universal relations describing bankfull hydraulic geometry of single-thread gravel bed rivers[END_REF]. Equation 1.43 is equivalent to the Darcy et al. ( 1856) equation, which states that the pressure drop due to bottom friction is proportional to the square of the fluid velocity.

Thus, the flow velocity depends on the water depth (H) and slope (S) according to

u = √ gHS C f . (1.44)
Finally the water discharge (Q w ) is calculated by the integration of the velocity over the river width (W ) and depth (H) as follows

Q w = W u dy.
(1.45)

A solution of equation 1.45 reads

Q w = µ 3/2 2 3/2 K[1/2] 3 √ g C f L S 2 . (1.46)
where K[1/2] ≈ 1.85 is the complete elliptic integral of the first kind

K(x) = π/2 0 dθ √ 1-x 2 sin 2 θ .
Using equations 1.41, 1.44, and 1.46, the water mass balance yields the following scaling laws:

W = π µ 3/4 3 2 3/2 K 1/2 C f g 1/4 1 L 1/4 Q w ,
(1.47)

H = µ 1/4 π 3 √ 2 K 1/2 √ C f g 1/4 1 L 1/4 Q w ,
(1.48)

S = µ 3/4 2 3/2 K[1/2] 3 g 1/4 C f L 5/4 1 √ Q w . (1.49)
There is no adjustable parameter in equations 1.47, 1.48, and 1.49. The threshold theory is a function of sediment density, grain size, and the friction coefficients. These parameters are measurable independently in the field.

Conclusion : Threshold theory, a guide for natural rivers ?

Equations 1.47, 1.48, and 1.49 predict the size of a threshold channel. From these equations we can see that both width and depth of a threshold channel scale as the square root of water discharge. Conversely, the longitudinal slope of a threshold channel decreases as water discharge increases. Equation 1.47 is equivalent to Lacey's law. This suggests that scaling laws for threshold and natural channels are comparable. This might be surprising, since threshold theory does not consider sediment transport, while most natural rivers are sediment laden. This may suggest that sediment transport does not control the first order scaling of the width of an alluvial channel. If the threshold theory seems to apply to single-threads natural rivers, what about individual threads of braided rivers ?

In nature, single-thread meandering and multi-thread braided rivers various sizes are geographically widely distributed. These river systems usually carry both sediment and water, and develop on vegetated floodplains. In some places, the configuration of figure 1.2 applies. The Ganga Plain in India and the Bayanbulak Grassland in China are two such examples: numerous channels of braided and meandering rivers coexist on the same alluvial surface, composed of homogeneous sediments and similar vegetation [START_REF] Wells | Shifting of the Kosi river, northern India[END_REF][START_REF] Chakraborty | Kosi megafan: historical records, geomorphology and the recent avulsion of the Kosi River[END_REF][START_REF] Sinha | Exploring the channel connectivity structure of the August 2008 avulsion belt of the Kosi River, India: Application to flood risk assessment[END_REF][START_REF] Gaurav | Morphology of the Kosi megafan channels[END_REF]Métivier et al., 2015). Under these particular conditions, we can address the following questions

• What regime relationships do individual braided threads exhibit ?

• Can the threshold theory be used to understand the regime relationship of braided threads ?

• Are the morphologies of braided threads comparable to those of meandering threads ?

• Can a braided river be considered as a collection of mostly independent single-thread channels ?

Answering these questions could help us to understand the formations of braided rivers and its influence on their hydrology. For instance, consider a braided river com- If all the treads share a common regime relation of the form

posed of n individual threads (c 1 , c 2 , .., c n ) of width w i (w 1 , w 2 , .., w n ), and discharge Q i (Q 1 , Q 2 , .., Q n ) (figure 1.13). , , , Figure 
w i = α w Q βw i . (1.50)
where α w and β w are two constants, and if the exponent β w is different from one, then the regime equations are non-linear [START_REF] Church | Proglacial fluvial and lacustrine environments[END_REF][START_REF] Mosley | Response of braided rivers to changing discharge[END_REF]. Then, the regime equation for the entire braided channel, obtained by summing over the widths of individual threads, should be different from the one which is obtained from equation 1.50.

Q = W 1/β i (1.51)
In the next chapters, we attempt to answer these questions based on field observations. To conduct this study, we select the Ganga Plain as a field site, and compare the morphology of threads from various braided and meandering rivers. In chapter 2, we describe the study area. In chapter 3, we discuss the data and field experiment. Finally in chapter 4 we present the results followed by a discussion and a conclusion.

Chapter 2

The Ganga Plain and the Kosi River

Abstract

In this chapter we present a detailed description of our study area. First we document the geological and geographical setting of the Ganga Basin. We then describe the various channel patterns encountered on the Ganga Plain and discuss their morphology and hydrology. We further highlight rivers on the Ganga Plain which have formed large alluvial fans.

Among the fans, we take the Kosi River fan as an example. We document the fan building process, the lateral migration of the Kosi River, and avulsion of its channel, during the last two hundred years. We then discuss the present-day morphology of the Kosi River and of residual channels present on the fan surface. Finally, we describe the most recent avulsion of the Kosi River (August, 2008).

The Gangetic foreland 2.1.1 Geological setting

The Ganga Plain is part of a large geological structure called the Himalayan foreland basin. It is one of the world's largest area of Tertiary and Quaternary alluvial sedimentation (figure 2.1) [START_REF] Sinha | River systems and their sediment flux, Indo-Gangetic plains, Northern Bihar, India[END_REF]. This arc-shaped structure extends from the Himalaya, to the North, to the Indian sub-continent, to the South, between the latitudes 30 • -24 • N, and from the Indus Plain, to the West, to the Brahmaputra Plain, to the East, between the longitudes 77 250, 000 km 2 , and extends over about 1000 km from West to East, and between 200 and 450 km from North to South. [START_REF] Singh | Geological evolution of Ganga Plain-an overview[END_REF].

The Ganga sedimentary basin is limited to the West and East by structural ridges that have no clear topographic expression: the Aravalli-Delhi Ridge, and the Monghyr-Saharsa Ridge (figure 2.2) [START_REF] Geddes | The alluvial morphology of the Indo-Gangetic Plain: Its mapping and geographical significance[END_REF][START_REF] Jain | River systems in the Gangetic plains and their comparison with the Siwaliks: a review[END_REF]. Furthermore the basin is divided into two sub-basins, the West Ganga Plain (WGP) and the East Ganga Plain (EGP), by a third ridge: The Faizabad Ridge (figure 2.2) [START_REF] Rao | The subsurface geology of the Indo-Gangetic plains[END_REF][START_REF] Valdiya | Himalayan transverse faults and folds and their parallelism with subsurface structures of north Indian plains[END_REF].

The Ganga Plain is an area of active sedimentation, which collects a huge amount of Himalayan sediments, mainly transported and deposited by the rivers Yamuna, Ganges, and their tributaries [START_REF] Singh | Geological evolution of Ganga Plain-an overview[END_REF][START_REF] Jain | River systems in the Gangetic plains and their comparison with the Siwaliks: a review[END_REF]Métivier et al., 1999). For instance, the Ganges River carries more then 700 megaton of suspended sediments each year (table 2.1) [START_REF] Sinha | Geomorphic characterization and diversity of the fluvial systems of the Gangetic Plains[END_REF]Métivier and Gaudemer, 1999).

The thickness of sedimentary deposits in the Ganga Plain gradually decreases from North to South. Near the Himalayan foothill, it reaches about 6 -8 km, whereas near the southern margin it is less then than 0.5 km-thick [START_REF] Rao | The subsurface geology of the Indo-Gangetic plains[END_REF][START_REF] Singh | Geological evolution of Ganga Plain-an overview[END_REF]. Métivier et al. (1999) estimate that approximately 7.5 • 10 5 km 3 of Tertiary and Quaternary sediments are stored in the Ganga Basin.

The Quaternary deposits of the Ganga Plain are traditionally grouped into the Khadar and Bangar formations. The Bangar formation is composed of Pleistocene sediments deposited in now-elevated interfluve areas, whereas the Khadar formation is composed of the Holocene channel and floodplain deposits [START_REF] Singh | Geological evolution of Ganga Plain-an overview[END_REF] 

Morphology and hydrology

The present-day Ganga Plain can be considered as an almost flat alluvial surface. The slope of the Ganges River is of the order of 1.3 • 10 -4 [START_REF] Singh | Geological evolution of Ganga Plain-an overview[END_REF]. The Ganges is the trunk river in the Ganga Plain1 . All Himalayan drainage meet from the North, except the Yamuna river which joins the Ganges from the South at Allahabad [START_REF] Singh | Geological evolution of Ganga Plain-an overview[END_REF][START_REF] Tandon | Late Quaternary evolution of the Ganga Plains: myths and misconceptions, recent developments and future directions[END_REF]. All the peninsular rivers join the Ganges or the Yamuna rivers from the South. Due to the mild eastward slope of the plain, rivers originating from the northern Ganga Plain usually follow a South-East trend before joining the Ganges, whereas peninsular rivers draining from the southern part of the Ganga Plain follow

North-East trend before joining the Ganges.

The climate of the WGP and the EGP is highly variable. WGP receives less rainfall (60 -140 cm) than the EGP (90 -160, cm) [START_REF] Jain | River systems in the Gangetic plains and their comparison with the Siwaliks: a review[END_REF][START_REF] Sinha | Geomorphic characterization and diversity of the fluvial systems of the Gangetic Plains[END_REF].

Rivers flowing in the WGP and the EGP have varied morphological, hydrological and sediment transport characteristics. WGP streams are mildly braided to meandering and are less mobile. The major river in the WGP carry an average suspended sediment load of about 14 and 125 metric ton per year respectively [START_REF] Jain | River systems in the Gangetic plains and their comparison with the Siwaliks: a review[END_REF]. Furthermore, most channels are incised (about 10 -20 m for the Ganges at Kanpur and the Yamuna River at Kalpi see figure 2.2 b1 and b2). In contrast, the EGP rivers are shallow, highly mobile, highly braided in their upstream part and carry high sediment load [START_REF] Sinha | River systems and their sediment flux, Indo-Gangetic plains, Northern Bihar, India[END_REF][START_REF] Sinha | Geomorphic characterization and diversity of the fluvial systems of the Gangetic Plains[END_REF].

The Kosi and the Gandak rivers of the EGP carry about 193 and 82 metric ton per year of average suspended sediment load [START_REF] Jain | River systems in the Gangetic plains and their comparison with the Siwaliks: a review[END_REF]. Figure 2.2 b3, shows an example of such streams.

The Ganga Plain rivers are usually grouped into three types according to their catchment characteristics: plain-fed, foothills-fed, and mountain-fed (figure 2.3). These types exhibit distinct morphological, hydrological and sediment transport characteristics [START_REF] Sinha | River systems and their sediment flux, Indo-Gangetic plains, Northern Bihar, India[END_REF][START_REF] Jain | River systems in the Gangetic plains and their comparison with the Siwaliks: a review[END_REF].

• Plain-fed rivers originate in the plain itself, are fed by ground water from the alluvium, and are highly meandering.

• Foothill-fed rivers originate from the Himalayan Piedmont. Their morphology evolves from braided upstream to meandering downstream. • Finally Mountain-fed rivers originate from the Himalayas. Rivers of this type contribute to most of the flow into the Ganga plain. They exhibit braided patterns and have both a high suspended sediment load (an order of about 10 1 -10 2 metric ton per year) and a high water discharge (an order of about 10 1 -10 4 cubic meter per second).

WGP
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Many of the Himalayan rivers form fans upon reaching the Ganga Plain. From East to

West the Teesta, Kosi, Gandak, Sarda, and Yamuna-Ganga rivers have deposited large alluvial fans (radius about 10 2 km) [START_REF] Geddes | The alluvial morphology of the Indo-Gangetic Plain: Its mapping and geographical significance[END_REF][START_REF] Wells | Shifting of the Kosi river, northern India[END_REF][START_REF] Mohindra | Historical geomorphology and pedology of the Gandak megafan, Middle Gangetic Plains, India[END_REF][START_REF] Gohain | Morphology of the Kosi megafan,in: Alluvial Fans -A Field Approach[END_REF][START_REF] Singh | Geological evolution of Ganga Plain-an overview[END_REF]. Figure 2.1 shows the location and boundaries of these sedimentary structures.

When rivers exit the Himalaya and reach the flat and unconfined Ganga Foreland they progressively build these conical-shaped structures through sediment deposition and lateral migration of the channel. Plain-fed distributary systems then develop on the surface of these fans [START_REF] Geddes | The alluvial morphology of the Indo-Gangetic Plain: Its mapping and geographical significance[END_REF][START_REF] Singh | Geological evolution of Ganga Plain-an overview[END_REF]. The fans are mainly composed of sandy sediments in the northern proximal part, and of silts and fine sands in the southern distal part [START_REF] Sinha | River systems and their sediment flux, Indo-Gangetic plains, Northern Bihar, India[END_REF][START_REF] Singh | Geological evolution of Ganga Plain-an overview[END_REF][START_REF] Jain | River systems in the Gangetic plains and their comparison with the Siwaliks: a review[END_REF]. The grain size on these fans varies within a narrow range, from about 300 µm in the proximal to about 100 µm in the distal part [START_REF] Singh | Geological evolution of Ganga Plain-an overview[END_REF][START_REF] Shukla | A model of alluvial megafan sedimentation: Ganga Megafan[END_REF].

The Kosi fan is a typical and well-known example. Its main stem, the Kosi River, has migrated laterally by more than 110 km during the last 250 years. Furthermore it is the only large fan on which a major avulsion occured in the last 50 years [START_REF] Wells | Shifting of the Kosi river, northern India[END_REF][START_REF] Gohain | Morphology of the Kosi megafan,in: Alluvial Fans -A Field Approach[END_REF][START_REF] Parker | Alluvial fans formed by channelized fluvial and sheet flow. I: Theory[END_REF].

The Kosi River and its fan 2.2.1 Morphology

The Kosi River is one of the major tributaries to the Ganges. Its catchment area extends over about 57, 800 km 2 in the Himalayan mountains [START_REF] Lupker | Predominant floodplain over mountain weathering of Himalayan sediments (Ganga basin)[END_REF]. The river conveys a mean annual flow of about 52•10 9 m 3 /yr. The monthly averaged water discharge (measured at the Kosi barrage) of the Kosi River varies from about 300 m 3 /s in February-March to about 5000 m 3 /s in July-August (figure 2.4). Peak discharge occurs during the Monsoon season from June to October. Monsoon rains provide about 74 % of the river total discharge, whereas the remaining about 26 % originates from snow melt [START_REF] Gohain | Morphology of the Kosi megafan,in: Alluvial Fans -A Field Approach[END_REF][START_REF] Gupta | Himalayan drainage patterns and the origin of fluvial megafans in the Ganges foreland basin[END_REF].

The Kosi River emerges from the Higher Himalaya and debouches into the Ganga Plain at Chatra (figure 2.7). It then flows for about 250 km before joining the Ganges River near Kurshela. Before the Kosi River enters into the Ganga Plain, its three major tributaries, the Arun, Tamur and Sun Kosi rivers meet near Tribeni about 10 km upstream from Chatra (figure 2.7). These tributaries deliver about 58 %, 10 %, and 32 % of the Kosi discharge at Chatra respectively [START_REF] Hedman | Streamflow characteristics related to channel geometry of streams in western United States[END_REF][START_REF] Singh | Facies analysis of the Kosi megafan deposits[END_REF][START_REF] Gupta | Himalayan drainage patterns and the origin of fluvial megafans in the Ganges foreland basin[END_REF].

The Kosi River delivers an average of about 130 • 10 6 m 3 /yr of suspended sediments to the Ganga Basin [START_REF] Singh | Facies analysis of the Kosi megafan deposits[END_REF][START_REF] Gupta | Himalayan drainage patterns and the origin of fluvial megafans in the Ganges foreland basin[END_REF][START_REF] Sinha | Avulsion threshold and planform dynamics of the Kosi River in north Bihar (India) and Nepal: A GIS framework[END_REF]. The average sediment concentration is about 2 -5 g/l, but increases up to 18 g/l during the monsoon [START_REF] Singh | Facies analysis of the Kosi megafan deposits[END_REF]. The Arun, Tamur, and Sun Kosi amount to about 36 %, 22 %, and 42 % of this load respectively [START_REF] Gupta | Himalayan drainage patterns and the origin of fluvial megafans in the Ganges foreland basin[END_REF]. At present, the amount of bedload carried by the Kosi River remains unknown.

The channel pattern of the Kosi River evolves from highly braided, at its entrance in the Ganga Plain downstream of Chatra, to meandering, before the confluence with the Ganges near Kurshela (figure 2.8). [START_REF] Singh | Facies analysis of the Kosi megafan deposits[END_REF] suggested this change is due to a downstream fining of the sediments from gravelly sand to silt, and a decrease in the downstream slope from 0.85 m/km to 0.065 m/km (figure 2.6). The width of the entire Kosi River channel varies between about 11 km, in the braided reaches, to about 3 km, in the meandering reaches [START_REF] Chakraborty | Kosi megafan: historical records, geomorphology and the recent avulsion of the Kosi River[END_REF].

The Kosi River is highly mobile. It has migrated laterally by more then 110 km during the last 250 years (see figure 2.7). The migration of the Kosi River is generally described as 'avulsive' (sudden change in river course from a nodal point), and is well documented [START_REF] Gole | Inland delta building activity of Kosi river[END_REF][START_REF] Wells | Shifting of the Kosi river, northern India[END_REF][START_REF] Gohain | Morphology of the Kosi megafan,in: Alluvial Fans -A Field Approach[END_REF]. Various explanations such as bed aggradation, discharge fluctuations, tectonics, climate and eustasy have been proposed to explain the migration of the Kosi River [START_REF] Gole | Inland delta building activity of Kosi river[END_REF][START_REF] Arogyaswamy | Some geological factors influencing the behaviour of the Kosi[END_REF][START_REF] Wells | Shifting of the Kosi river, northern India[END_REF].

During this process of migration, the Kosi River has deposited its sediments and built a large conical structure: the Kosi fan (figures 2.1, 2.7, and 2.8) [START_REF] Wells | Shifting of the Kosi river, northern India[END_REF][START_REF] Gupta | Himalayan drainage patterns and the origin of fluvial megafans in the Ganges foreland basin[END_REF][START_REF] Bridge | Rivers and floodplains: forms, processes, and sedimentary record[END_REF]. The fan has been active since the Holocene (Agarwal and Bhoj, 1992). The Kosi Fan is one of the world's largest fluvial fan, spreads over an area of about 10, 351 km 2 and has a radius of about 115 -150 km (figure 2.8) [START_REF] Wells | Shifting of the Kosi river, northern India[END_REF][START_REF] Gupta | Himalayan drainage patterns and the origin of fluvial megafans in the Ganges foreland basin[END_REF][START_REF] Chakraborty | Kosi megafan: historical records, geomorphology and the recent avulsion of the Kosi River[END_REF]. The Kosi Fan is composed of homogeneous quartz grains with a median size of about 300 µm in its proximal part, and about 200 µm in its distal part (figure 2.5) [START_REF] Singh | Facies analysis of the Kosi megafan deposits[END_REF]. The fan exhibits an approximately conical surface, which longitudinal slope varies from about 8 • 10 -4 at the apex, to 6 • 10 -5 near the toe [START_REF] Gole | Inland delta building activity of Kosi river[END_REF][START_REF] Wells | Shifting of the Kosi river, northern India[END_REF][START_REF] Chakraborty | Kosi megafan: historical records, geomorphology and the recent avulsion of the Kosi River[END_REF]. The radial profile of the Kosi Fan is close to linear, with a slight upward concavity (figure 2.6).

Whereas, it exhibits a typical convex-up transverse profile. [START_REF] Chakraborty | Kosi megafan: historical records, geomorphology and the recent avulsion of the Kosi River[END_REF].

The Kosi River carries most of the water over the fan, brings most of the sediment to the fan. In addition to the Kosi River, tens of isolated meandering channels dissect the fan surface. Most of these rivers are perennial and appear, as shown to be remnants of the Kosi past courses by historical maps of the Kosi River. These rivers are mainly fed either by groundwater, or by seepage from the Kosi River [START_REF] Chakraborty | Kosi megafan: historical records, geomorphology and the recent avulsion of the Kosi River[END_REF][START_REF] Sinha | Exploring the channel connectivity structure of the August 2008 avulsion belt of the Kosi River, India: Application to flood risk assessment[END_REF].

To prevent migration and protect the area from frequent flooding, an embankment was constructed on the Kosi River in 1963. Nowadays, the lengths of the eastern and western levees of the embankment are 144 km and 123 km respectively. The distance between the two levees varies from 5 to 16 km (figure 2.8) [START_REF] Desai | The Kosi River: Its morphology and mechanics in retrospect and prospect: New Delhi, Central Water Commission[END_REF][START_REF] Sinha | Exploring the channel connectivity structure of the August 2008 avulsion belt of the Kosi River, India: Application to flood risk assessment[END_REF]. A barrage near Bhimnager in Nepal was also constructed at the same time to regulate the Kosi River during low flow and sustain the water supply for irrigation. As a consequence, the Kosi River has been disconnected from its fan, and forced to deposit its sediment load within the embankment. This has resulted in the strong aggradation of the river bed that is now superelevated with respect to the nearby fan surface [START_REF] Sinha | Exploring the channel connectivity structure of the August 2008 avulsion belt of the Kosi River, India: Application to flood risk assessment[END_REF][START_REF] Sinha | Avulsion threshold and planform dynamics of the Kosi River in north Bihar (India) and Nepal: A GIS framework[END_REF]. This superelevation reaches up to 4 m in some places, and may have triggered nine embankment breaches since 1963, that resulted in severe floodings of the area [START_REF] Mishra | The Kosi and the embankment story[END_REF][START_REF] Sinha | Avulsion threshold and planform dynamics of the Kosi River in north Bihar (India) and Nepal: A GIS framework[END_REF]. The most dramatic breach occurred on August 18, 2008 near Kusaha,Nepal (12 km upstream of the Kosi barrage).

The August 2008 avulsion

On August 18, 2008, a 1.5 km long breach opened the eastern embankment at Kusaha (Nepal). This breach caused the Kosi River to displace its channel by about 60 km to the East (figure 2.9) [START_REF] Sinha | The great avulsion of Kosi on 18 August 2008[END_REF][START_REF] Chakraborty | Kosi megafan: historical records, geomorphology and the recent avulsion of the Kosi River[END_REF]. About (15 -20) km sheet of water, started flowing along the axial part of the Kosi Fan and travelled 150 km to the South with an average velocity of about 1 m/s [START_REF] Sinha | Exploring the channel connectivity structure of the August 2008 avulsion belt of the Kosi River, India: Application to flood risk assessment[END_REF]. The flood wave inundated a large area and affected more than 3 million people in India and Nepal. This breach occurred at relatively low water discharge (4, 320 m 3 /s) compared to the design discharge (28, 500 m 3 /s) of the embankment [START_REF] Sinha | The great avulsion of Kosi on 18 August 2008[END_REF][START_REF] Sinha | Avulsion threshold and planform dynamics of the Kosi River in north Bihar (India) and Nepal: A GIS framework[END_REF].

This sudden avulsion of the Kosi River is the first record of a shift of the entire channel since 1736 [START_REF] Sinha | The great avulsion of Kosi on 18 August 2008[END_REF][START_REF] Chakraborty | Kosi megafan: historical records, geomorphology and the recent avulsion of the Kosi River[END_REF]. The avulsion changes the morphology of the fan surface over a broad area. The flood reactivated remnant channels, filled existing ones, carved tens of kilometres of new channels, and deposited large amounts of sand on the fan surface [START_REF] Sinha | Avulsion threshold and planform dynamics of the Kosi River in north Bihar (India) and Nepal: A GIS framework[END_REF]. The embankment was plugged on January 26, 2009, and the river restored to its pre-avulsion position, within the embankment.

To conclude, numerous braided and meandering rivers of are located on the Ganga Plain.

These rivers span about four order of magnitude in discharge, and about three in width.

Furthermore they share a common geological history, environment, and climate and their bed composed of almost homogeneous sandy sediments. Such typical characteristics of the Ganga Plain rivers makes it an ideal field site to investigate the morphology of sandy bed braided and meandering rivers. In the next section we discuss instrumentation and data acquisition in such rivers. Chapter 3

Field observations

In this chapter we presents the instruments and procedures we used to collect our data.

Hydraulic geometry

Based on the observations made since the 20th century, [START_REF] Lane | Stable channels in erodible materials[END_REF] observed that, for a given water discharge, alluvial rivers exhibit specific width and depth to convey the water flow downstream. [START_REF] Leopold | The hydraulic geometry of stream channels and some physiographic implications[END_REF] proposed the term "hydraulic geometry"

for this quantitative description of how a river width, depth, and slope vary as a function of discharge, either at one location over time, or along stream at the same time.

In the next sections we provide a brief description of the hydraulic parameters of alluvial rivers of the Ganga Plain.

Width, depth, and discharge

Width, depth, and discharge are basic hydraulic parameters of a river channel. The width of a river channel is the across stream distance (between the banks) that is measured perpendicular to the flow direction. Similarly the depth of a river channel is a measure of the vertical distance from the water surface to the river bed. Figure 3.1 illustrates the width and the depth in a cross-sections measured across a channel on the Ganga Plain.

As visible in figure 3.1, depth of a channel varies from one bank to another. Moving from one bank to the another, the depth of a river channel usually increases towards the center. In such cross-sections the mean depth is usually obtained by averaging the depth across a channel: where H is the mean depth, W is the cross-section width, h is the local depth measured along the transverse (y) coordinate of the river section.

H = 1 W channel h(y)dy. ( 3 
Similarly discharge of a river is the volumetric flow of water in per unit time. It is the product of the cross-sectional area A and the mean velocity V ,

Q = V A. (3.2)
The former is generally calculated from the width and mean depth of flow, whereas the latter is usually measured at different locations along the section. The flow velocity is a vector quantity that varies both in magnitude and direction from one point to another in a river. For practical purposes though, only the streamwise component v(y, z) is commonly measured as both the across stream, and vertical components are usually negligible.

Figure 3.2 shows a typical velocity profile measured on the Kosi River.

This streamwise velocity is then used to calculate the mean velocity and the river discharge by integration over the section according to.

V = 1 A v(y, z)dydz. (3.3)
where Q is the water discharge, v(y, z) the local streamwise velocity at a point, V is the average streamwise flow velocity, A is the cross-section of the channel.

In this study we use two different techniques to measure the width, depth and discharge of a river channel: (1) acoustic doppler current profiler (ADCP) and (2) manual measurements. Whenever possible we use the ADCP to acquire width, depth and discharge. If the channel is too shallow to measure by ADCP, we manually measure its width, depth and discharge. Our ADCP has four transducers. These transducers are aligned two by two along two vertical plain. Each transducer is directed downward with at an angle of β = 20 • with respect to the vertical (figure 3.3) [START_REF] Simpson | Discharge measurements using a broad-band acoustic Doppler current profiler[END_REF][START_REF] Chauvet | Recirculation cells in a wide channel[END_REF]. Each transducer emits a beam opened at 30 • and measures the radial velocities U r in 25 cm-deep cells through the water column. From these radial velocities, the ADCP reconstructs the three components of the velocity u x , u y and u z along the vertical, assuming they are homogeneous across the bunch of beams.

To calculate the streamwise velocity component (u x ) at a given water depth (h), the ADCP uses the radial velocities from beam 3 and beam 4 (figure 3.3). The radial velocities u r,3 and u r,4 are decomposed as follows [START_REF] Chauvet | Recirculation cells in a wide channel[END_REF])

  u r,3 v r,4   =   u x,3 (-l c ) u z,3 (-l c ) -u x,4 (l c ) u z,4 (l c )   •   sin (β) cos (β) .   (3.4)
where, l c = h tan(β) is the distance between the radial beam to the vertical axis of the instrument, u x,n and u z,n are the streamwise and the vertical components in the n th bin of each beam. This procedure relies on the assumption of uniform flow in the horizontal plane [START_REF] Gordon | Principles of operation a practical primer[END_REF][START_REF] Chauvet | Cavitation bubbles: a tracer for turbulent mixing in large rivers[END_REF].

u i,3 (-lc) = u i,4 (l c ) . (3.5)
Therefore, the streamwise velocity u x at depth (h) can be written as u x = (v 3 -v 4 ) /2 sin (β). Similarly, the radial velocities of beam 1 and beam 2 can be decomposed to obtain the transverse velocity component u y .

The uniformity assumption of flow in a horizontal plain proves reasonable to measure the discharge at a given river cross-section [START_REF] Chauvet | Recirculation cells in a wide channel[END_REF].

Three areas of a river section are inaccessible to an ADCP [START_REF] Rennie | Measurement of bed load velocity using an acoustic Doppler current profiler[END_REF][START_REF] Cheng | Complete velocity distribution in river cross-sections measured by acoustic instruments[END_REF]. First, velocity is not measured in a layer extending from the free surface to a distance from the transducer's head called the blanking distance (about 0.6 m).

Second, the velocity cannot be measured accurately in a layer close to the bed because of side-lobe interference (about 6% of water depth). Third, near the river banks, the water becomes too shallow to operate the ADCP. The flow properties are then extrapolated to the entire cross-section to compute the total discharge.

To estimate the discharge in shallow channels we manually measure their width, depth, and velocity. For this we use wading rods, ropes, and floats [START_REF] Sanders | manual of field hydrogeology[END_REF]. The measurement procedure is simple and provides a first-order estimate of discharge. The river width is measured perpendicular to the flow direction from one bank to the another by using the measuring rope. Depending on the data resolution, depth is then measured along the rope at regular intervals using the rod. The surface water velocity estimated by measuring the travel time of floats along a fixed distance [START_REF] Sanders | manual of field hydrogeology[END_REF].

Field application

ADCP Using the ADCP, we have levelled 98 transects from braided and meandering rivers on the Ganga Plain (i.e., the Yamuna, Ganges, Ghaghara, Gandak, Bagmati, Kosi, Mahanada, Teesta, and Jaldhaka)(figure 3.4). Approximately half of our measurements come from the Kosi River and neighbouring channels of the Kosi Fan. Most measurements on the Kosi River and its fan were performed in September-October 2012 and 2013. Whenever possible, we used an ADCP to measure the channels width, depth, and velocity. Using this instrument, we measured a total of 44 transects across distinct reaches of the Kosi River and its fan channels.

The measurements consist of 34 transects from braided reaches and 10 from meandering reaches (figure 3.5). Similarly, in May-June 2015 we acquired ADCP measurements on the Yamuna (8 transects), Ganges (16), Ghaghara (4), Gandak (5), Bagmati (4), Mahananda

(3), Teesta (10), and Jaldhaka (4) rivers (figure 3.4; for data see appendix A)

To perform these measurements, we deployed the ADCP on an inflatable motor boat. We crossed the channel perpendicularly to the flow direction while the ADCP continuously recorded the velocity (figure 3.6). We used the ADCP in bottom-track mode to measure the flow velocity. We supplemented the measurements with a hand-held GPS to record the boat's position and to calculate the total channel width. The GPS provides a horizontal accuracy of ±10 m. We also configured an echo-sounder with the ADCP to acquire more precise measurements of the channel depth. The discharge passing though the river section was then computed from these velocity and topography measurements. [START_REF] Szupiany | Comparison of fixed-and moving-vessel flow measurements with an aDp in a large river[END_REF] have suggested that a single transect is sufficient to measure the discharge through a section, but that more transects are required to acquire more informations about the flow structure. Since we are only interested in the flow discharge, width and average depth, we have collected a maximum of 2 -3 consecutive transects at each location. Therefore, our measurements are restricted to average quantities. The average flow velocity was calculated from the valid velocity records, then extrapolated to the entire cross-section to estimate the total water discharge.

To estimate the measurement uncertainty, we use those sections for which we had more than one consecutive transects. To do so, we use one section to derive the flow discharge and velocity, and we use the other sections to calculate the variability of the measurements. We find a relative error on the mean value of about 10 %, 15 %, 5 % and 12 % for Manual measurements At seven locations on the Kosi Fan, the river channel was too shallow to use the ADCP. We therefore measured the width, the depth, and the velocity manually (figure 3.7). We used a rope as a scale to measure the river width perpendicular to the flow direction. We then used wading rods to measure the water depth every 0.5 m across the section. This method yields a precision of about 2 cm. We then measured the surface velocity by dropping a float and measuring its travel time over a fixed distance (10 to 20 m). We repeated this procedure at least three times at the same location, which allowed us to estimate the precision of our measurements. We observed that the velocities measured by float vary by less than 11 % around the mean value. We then multiplied the mean surface velocity by 0.6 to approximate the depth-averaged velocity [START_REF] Sanders | manual of field hydrogeology[END_REF]. rivers, we need to divide braided sections into elements comparable to single channels.

Channels definition

Doing this, however, is a somewhat arbitrary procedure, if only because the wetted area depends on the river stage [START_REF] Mosley | Response of braided rivers to changing discharge[END_REF][START_REF] Ashmore | Treatise on Geomorphology[END_REF].

To divide a braided section into different channels, we automatically detect bars. For each point on the cross-section we calculate the ratio between the flow depth to the maximum flow depth of the entire section. When this ratio is below a threshold value, a point is considered part of a bar. When the ratio is above the threshold, a point is considered part of a thread. The procedure is repeated along the entire section to identify bars and channels (figure 3.9).

We test different threshold values of 10 %, 15 %, and 20 % of the maximum flow depth.

With 15 % and 20 % thresholds, the extracted threads and bars are in agreement with visual observation. For a 10 % threshold, this is not the case. The choice of 20 % threshold over 15 % does not include any significant change in the final output. Therefore, we use a threshold value of 15 % of the maximum flow depth to detect bars and distinguish then from channels. We then calculate the morphological characteristics of individual braided threads from the velocity and bed topography profiles (chapter 4). 

Slope

As for the width and the depth, alluvial rivers adjust their slope to the imposed sediment and water discharge [START_REF] Julien | Alluvial channel geometry: theory and applications[END_REF][START_REF] Ferguson | Hydraulics and hydraulic geometry[END_REF]. We define, the slope of a river as the streamwise change in free water surface elevation per unit distance.

Since the slope of a river is small, local measurements are meaningless. This is particularly true for alluvial rivers where the elevation varies by about a meter over a distance of several kilometers. The Kosi River in the Ganga Plain, for example, exhibits very mild slopes (of the order of 0.85 m/km to 0.065 m/km [START_REF] Singh | Facies analysis of the Kosi megafan deposits[END_REF]). This is why slope is usually measured over distances much larger than the channel width.

To measure the slope of a channel, we use a real-time kinematic GPS (RTK GPS).

This instrument relies on a differential positioning technique which allows for centimetre horizontal and vertical accuracy in real time [START_REF] Lambiel | Contribution of real-time kinematic GPS in the study of creeping mountain permafrost: examples from the Western Swiss Alps[END_REF][START_REF] Langley | Rtk gps[END_REF][START_REF] Morales | DGPS, RTK-GPS and StarFire DGPS performance under tree shading environments[END_REF]. It consists of two single-or dual-frequency GPS receivers (base and rover), a radio transmitter and a radio receiver. The base receiver is static and fixed to a known reference point called base station. The rover is mobile in space and records position while in motion.

The GPS satellite positioning technique uses a receiver that records travel time of signals These errors can be reduced significantly by using differential positioning. The technique is based on an integer ambiguity resolution method [START_REF] Lee | The performance of RTK-GPS for surveying under challenging environmental conditions[END_REF]. Nowadays, this differential method is used in real time, typically known as RTK positioning technique.

During the measurement, the base-and radio-receivers communicate with each others via radio (figure 3.11). Radio communication is used to transmit positional corrections performed at the base station to the rover receiver. This technique uses high frequency data transfer rates of 9, 600 bytes per second (bps), usually operated in the VHF and UHF portions of the radio spectrum [START_REF] Langley | Rtk gps[END_REF].

In an open environment (in absence of buildings and trees), the base and rover receivers can keep an uninterrupted radio link for a distance of more than 10 km [START_REF] Langley | Rtk gps[END_REF].

However, measurements of distance more than 10 km are subject to ionospheric delay in the satellite signal which affects the receiver positional accuracy. This is one of the major limitations of the RTK measurement technique.

Field application

We measured the longitudinal slope of 8 braided (6 in the Kosi, 1 in the Ghaghara and 1 in the Jaldhaka river) and 2 meandering (in the Kosi River and its fan) channels (figure 3.4 for the locations). To measure the slope, we used a Trimble-R8 differential GPS positioning system in RTK mode. At each measurement location we first established a reference station and set up a base receiver in static mode. We then set up a rover receiver and configured it with the base receiver. We then measured the water surface slope. To do this we fixed the rover receiver on the boat. At a 2 -second interval, we recorded the position of the rover receiver over more than 5 km downstream.

This procedure yields an uncertainty of less then 10 % (figures 3.12 and 3.13).

Grain size

As discussed in chapter 1, the regime equations depend on the sediment grain-size. Because sediments are composed of particles of varying diameters, we need to measure the relative proportion of the different particle sizes in a sediment sample. From these distributions we can then calculate characteristic sizes such as the mean and median of the distribution [START_REF] Leopold | An improved method for size distribution of stream bed gravel[END_REF].

To quantify the grain-size distribution, we use sieves (figure 3.14). A dry sediment sample is placed on sieves with decreasing mesh opening from top to bottom. These sieves are then vibrated on a shaker. The proportion of sediment retained on each sieve is then used to calculate the particle-size distribution of the sample [START_REF] Irani | Particle size: measurement, interpretation, and application[END_REF].

Laboratory application We collected sediment samples near the discharge measurement locations (figure 3.4). At each location, we collected a sample of at least 500 gr of sediment from the river bed. Once sediments were collected we kept them into a drying oven at temperature about 90 -100 • C for 40 to 48 hrs to removes the moisture from the samples. When the samples were completely dry, we measured their grain-size distribution using sieves.

We sieved the sediment samples into 7 categories ranging from 0.074 to 0.841 mm, and then calculated their median grain size (d 50 ) from the resulting frequency distributions (figure 3.15). The median grain size of the Ganga plain rivers varies within a narrow ranges in between 0.12 -0.33 mm. 3.4) on the Ganga Plain. Area highlighted in grey colour, show the lower and upper limit of the grain sizes on the Ganga Plain. These sediment samples corresponds to the river bed.

Sinuosity

The sinuosity of a river is defined as the ratio of the along-stream distance (L asd ) between two points on the river to the shortest distance (L R ) between these two points (figure 3.16) [START_REF] Schumm | Sinuosity of alluvial rivers on the Great Plains[END_REF][START_REF] Sinha | River systems and their sediment flux, Indo-Gangetic plains, Northern Bihar, India[END_REF].

Sinuosity = L asd L R . (3.6)
The term sinuosity is used to quantify the degree of meandering of a river (equation 3.6).

A straight stream has a sinuosity of 1, and this number increases as the stream departs from a straight line. Usually a river is considered meandering if it has a sinuosity larger than 1.2 [START_REF] Schumm | Sinuosity of alluvial rivers on the Great Plains[END_REF][START_REF] Sinha | River systems and their sediment flux, Indo-Gangetic plains, Northern Bihar, India[END_REF].

Laboratory application To quantify whether a channel meanders, we calculated its sinuosity. On Landsat 8 satellite image, we identified two channels from a braided and 4 single channels located on the Kosi River fan respectively to calculated their sinuosity.

To do this we followed a river path in downstream direction and measured its distance.

Meanwhile we also measured the shortest distance from start and end point. Finally to calculate sinuosity we divided the distance measured along the river path to its shortest distance (equation 3.6). We repeated the same procedure on other channels. To assess the influence of the reach distance on results, we calculated the sinuosity over a distance of 10, 20, 50, and 100 times the average channel width.

In the next chapter, we use the above discussed dataset to compare the threads morphology of braided and meandering rivers.

Chapter 4

Comparison between braided and meandering channels

In the first section of this chapter we compare the morphology of braided and meandering channels of the Kosi River and its fan. We present the scaling laws of channel width, depth, and slope against the discharge for braided and meandering channels. We then show that the aspect ratios of these channels are naturally detrended and do not depend on water discharge. We then use the threshold theory to explain this detrending. Finally, based on statistical tests, we show that channels of braided and meandering rivers can not be differentiated based on their morphology.

In the second section we extend this analysis to other major rivers flowing on the Ganga Plain. These are the Yamuna, Ganges, Ghaghara, Gandak, Bagmati, Mahanada, Teesta, and Jaldhaka rivers (figure 3.4). We show that all channels (braided and meandering)

flowing on the Ganga Plain follow the same regime equations. We then show that all braided and meandering channels exhibit comparable morphologies.

Comparison between the Kosi fan channels

Meandering channels

As most of the single-thread channels we measured occupy paleochannels formed by the main Kosi River, those could have inherited their morphology. However, figure 3.5 suggests that this is not the case. Isolated channels often develop a highly meandering pattern that is not usually observed in braided systems [START_REF] Schumm | The fluvial system[END_REF]. We performed a Kolmogorov-Smirnov test to check whether the distributions of sinuosity of threads from meandering channels differ from braided threads (note that sinuosity is not normally distributed and only non-parametric tests apply [START_REF] Scherrer | Biostatistique[END_REF]). Kolmogorov-Smirnov tests show that the distributions are different, to the 95 % level of confidence, at all length scales. The typical sinuosity of meandering channels is higher than 1.2, we can therefore safely consider isolated threads as meandering channels (figure 4.1).

Channels morphology

Once we have calculated the morphological characteristics of all braided and meandering threads, we plot them against the corresponding water discharge. Not surprisingly, the size of threads increases with discharge. Conversely, their slope S decreases with discharge. We observe no obvious difference between meandering and braided threads: despite considerable scatter, all data points gather around a single power law. This observation suggests that meandering and braided threads share common regime relations [START_REF] Lacey | Stable channels in alluvium (Includes Appendices)[END_REF][START_REF] Parker | Physical basis for quasi-universal relations describing bankfull hydraulic geometry of single-thread gravel bed rivers[END_REF]. To address this further, we perform a reduced major axis regression (RMA) on the logarithm of width and depth (Sokal and Rohlf, 1995;[START_REF] Scherrer | Biostatistique[END_REF] ( discharge are significant at the 95 % level of confidence. The quality of the regression is higher for width (R 2 ∼ 0.7 -0.8) than for depth (R 2 ∼ 0.4 -0.8).

We now test the following null hypothesis: the regressions obtained for the width and depth of meandering and braided threads are not significantly different. It appears that the regime relationships of meandering and braided threads of the Kosi Fan cannot be differentiated within the 95 % level of confidence.

We perform the same analysis for the aspect ratio of threads (tables 4.2). Because the correlations are very weak, RMA is not applicable any more and only ordinary least square regressions (OLS) apply (e.g [START_REF] Scherrer | Biostatistique[END_REF][START_REF] Parker | Physical basis for quasi-universal relations describing bankfull hydraulic geometry of single-thread gravel bed rivers[END_REF]. Within the 95 % level of confidence the aspect ratios of the meandering threads exhibit no relationship with discharge, whereas those of braided threads do exhibit a weak (R 2 = 0.2) correlation with discharge. However, with the same level of confidence, the regressions performed on both thread types are not significantly different. The aspect ratios thus seem to be almost detrended from discharge.

The regressions on slopes are not significant within the 95 % level of confidence and no conclusion can be drawn from such a small dataset. 

Discussion

The large scatter of our data do not allow us to draw definitive conclusions about the exponents of the regressions. However, the results presented here unambiguously show that meandering and braided threads share a common regime relationship with discharge.

To our knowledge, this result has never been evidenced before.

Our empirical regressions suggest that the aspect ratios of threads are almost independent of discharge, although the exponents of the regime equations might differ slightly for width and for depth. To understand the detrending of the aspect ratio, we now compare our dataset with a physically-based theory of river regime. One of the simplest set of regime relations for single-thread alluvial channels derives from the threshold hypothesis [START_REF] Glover | Stable channel profiles[END_REF][START_REF] Henderson | Stability of alluvial channels[END_REF][START_REF] Seizilles | Width of laminar laboratory rivers[END_REF]. This theory assumes that the channel sediment is exactly at the threshold of motion. In other words, the combination of gravity and flow-induced shear stress hardly suffices to displace a sediment grain. Since the Kosi threads are likely to transport sediment, we do not expect the threshold theory to match exactly our observations. However, we discuss its ability to detrend the channel morphology with respect to water discharge.

Scaling laws for the Kosi Fan threads

For a specific discharge, the balance of forces on the bed and banks at the threshold of motion sets the width, the depth and the longitudinal slope of a thread. The corresponding regime relations were first derived by [START_REF] Glover | Stable channel profiles[END_REF] and [START_REF] Henderson | Stability of alluvial channels[END_REF].

In dimensionless form they read [START_REF] Seizilles | Forme d'équilibre d'une rivière[END_REF]):

W d s = π √ µ θ t (ρ s -ρ f ) ρ f -1/4 3C f 2 3/2 K 1/2 Q 1/2 * (4.1) H d s = √ µ π θ t (ρ s -ρ f ) ρ f -1/4 3 √ 2C f K 1/2 Q 1/2 * (4.2) S = µ 1/2 θ t (ρ s -ρ f ) ρ f 5/4 K 1/2 2 3/2 3C f Q -1/2 * (4.3)
where Q * = Q/ gd 5 s is the dimensionless water discharge [START_REF] Parker | Hydraulic geometry of active gravel rivers[END_REF][START_REF] Parker | Physical basis for quasi-universal relations describing bankfull hydraulic geometry of single-thread gravel bed rivers[END_REF][START_REF] Wilkerson | Physical basis for quasi-universal relationships describing bankfull hydraulic geometry of sand-bed rivers[END_REF]. For simplicity, we follow [START_REF] Glover | Stable channel profiles[END_REF] and assume that the Chézy friction factor C f ≈ 0.1 is independent of the flow depth.

All other parameters are approximately constant for the threads of the Kosi River fan: θ t ≈ 0.3 is the threshold Shields parameter, µ ≈ 0.7 is the Coulomb's coefficient of friction, d s is the sediment median grain size, ρ f ≈ 1000 kg m -3 is the density of water and ρ s ≈ 2650 kg m -3 is the density of quartz. Finally, K(1/2) ≈ 1.85 is the elliptic integral of the first kind.

We then compare our data set to the threshold theory (green line on figure 4.3). The predicted trends accords with the data. However, the threads are wider (by of factor of about 2) significantly shallower (factor of 8) and about 25 times steeper then predicted. This discrepancy is not surprising since the threshold hypothesis corresponds to a vanishing sediment discharge, whereas the entire Kosi River transports significant amount bedload sediments every year [START_REF] Sinha | The great avulsion of Kosi on 18 August 2008[END_REF]. However, the threshold theory reasonably predicts the trends of the thread morphology as the discharge increases (grey line on figure 4.3), which is obtained by fitting the prefactors of the threshold relations in equations 4.1, 4.2, and 4.3 to the data, while keeping their theoretical exponent. Furthermore the trends predicted by the threshold theory (β w = β h = 0.5) fall within the confidence intervals of empirical regressions on width, but are slightly larger for depth.

Detrending

The semi-empirical regime relations based on the threshold theory are an analytical approximation to the regime equations. Therefore, we can use them to detrend our data with respect to discharge. To do so, we define the dimensionless width W * , depth H * and slope S * as

W * = W d s √ Q * = W (gd s ) 1/4 √ Q (4.4) H * = H d s √ Q * = H(gd s ) 1/4 √ Q (4.5) S * = S Q * = S √ Q g 1/4 d 5/4 s , (4.6) 
As expected, both for meandering and braided threads, none of the dimensionless parameters above depend strongly on the water discharge (figure 4.4). OLS regression on W * confirms that it is entirely detrended at the 95 % level of confidence. In contrast, depth (H * ) is weakly correlated to discharge (slope of the regression is -0.24 ± 0.21 and R 2 = 0.2 for the entire population). Further, the logarithms of the detrended width (W * ) and depth (H * ) are, by definition, the residuals of a linear correlation with the logarithm of discharge. These residuals should be normally distributed (Sokal and Rohlf, 1995;[START_REF] Scherrer | Biostatistique[END_REF]. Normal tests confirm this at the 95 % level of confidence (figure 4.4). OLS regression on the total population of slope measurements shows that there is no significant correlation between S * and Q * at the same level of confidence. Given the small number of slope measurements this result should be regarded with wariness. Finally, based on our data set, the threshold theory provides a first-order explanation for the observed trends.

Braided vs. meandering threads

Assuming that the dimensionless parameters W * , H * , and S * are independent from the water discharge, we may treat our data set as a sample from a statistically uniform ensemble. As stated before, normal tests confirm this, at the 95 % level of confidence (figure 4.4). Due to the large scatter of our data, these distributions are better expressed in terms of the common logarithm of the parameters.

For width, the mean value and standard deviation are log 10 W * ≈ 0.35 and σ(log 10 W * ) ≈ 0.2 for braided threads, and log 10 W * ≈ 0.29 and σ(log 10 W * ) ≈ 0.2 for meandering threads. An analysis of the variance shows that these distributions are equivalent for both mean and standard deviation. Using the same procedure, we find that the distributions of dimensionless depth have equal variances but different means:

log 10 H * ≈ -1.63 and σ(log 10 H * ) ≈ 0.2 for braided threads, and log 10 H * ≈ -1.35

and σ(log 10 H * ) ≈ 0.2 for meandering. Here, we cannot rule out the effect of the slight residual trend of the data.

Finally, the dimensionless slope of the braided threads is about 3 times higher than that of the meandering ones. Again our data set contains only four values for braided threads, and two values for meandering threads. Therefore, we cannot draw any statistically significant conclusion regarding the slope distribution.

Although clear trends emerge, the measurements from the Kosi River fan exhibit a large dispersion, which is clearly visualized by plotting the thread aspect ratio as a function of discharge (figure 4.5). As discussed before, this ratio is almost detrended. The analysis of the variance shows that both thread types have the same variance but different means. Braided threads tend to have a higher aspect ratio than meandering threads, in accordance with previous observations [START_REF] Schumm | River adjustment to altered hydrologic regimen, Murrumbidgee River and paleochannels[END_REF][START_REF] Eaton | Channel patterns: Braided, anabranching, and single-thread[END_REF][START_REF] Métivier | Alluvial Landscape Evolution: What Do We Know About Metamorphosis of Gravel-Bed Meandering and Braided Streams?[END_REF]. However, this slight difference is overwhelmed by considerable scatter (from about 10 to 300). Our analysis suggest that this dispersion is not correlated with water discharge, indicating that other parameters, such as the sediment flux [START_REF] Métivier | Alluvial Landscape Evolution: What Do We Know About Metamorphosis of Gravel-Bed Meandering and Braided Streams?[END_REF], vegetation [START_REF] Tal | Dynamic single-thread channels maintained by the interaction of flow and vegetation[END_REF] or bank cohesion [START_REF] Schumm | The shape of alluvial channels in relation to sediment type[END_REF], influence the aspect ratio and possibly the depth of the threads of the Kosi Fan. At this point we would need more data to identify which of these mechanisms influences most the aspect ratio of a channel. 

Comparison with other rivers of the Ganga Plain

Observations

In the previous sections, we have shown that braided and meandering channels of the Kosi Fan are morphologically similar. It would be interesting to test whether this similarity holds for other rivers of the Ganga Plain. At first sight this comparison seems reasonable, as these rivers develop in a comparable environment, and have similar grain-size distributions and slopes [START_REF] Singh | Geological evolution of Ganga Plain-an overview[END_REF].

To go further, we measured the cross-sections of 8 major river's, Yamuna, Ganges, Ghaghara, in the West Ganga Plain, and Gandak, Bagmati, Mahananda, Teesta and Jaldhaka, in the East Ganga Plain (figure 3.4). We also measured the median d 50 grain-size of sand samples collected at each measurement location. Finally, we measured longitudinal slope of two channels (Ghaghara and Jaldhaka). We processed the braided cross-sections (figure 4.6), as discussed in section 3.1.1, in order to isolate individual threads.

We then plot the morphological parameters and their corresponding water discharge together with the Kosi Fan channels (figure 4.7). We observe no significant difference between the Ganga Plain and the Kosi Fan threads. around a single trend. This observation suggests that all channels on the Ganga Plain share common regime relations.

We performed a RMA regression analysis of the logarithm of width and depth for all Ganga Plain and Kosi Fan threads together (table 4.2). We find that the correlation of width and depth with discharge are significant at the 95 % level of confidence. The quality of the regression is higher for width (R 2 ∼ 0.8 -0.9) than for depth (R 2 ∼ 0.5 -0.8)

(table 4.2).
We then test the following null hypothesis: the regressions obtained for the width and depth of meandering and braided threads of the Ganga Plain rivers (including Kosi Fan rivers) are not significantly different. The test shows that the regime relationships of all channels of the Ganga Plain cannot be differentiated, to the 95 % level of confidence.

We perform the same statistical analysis for the aspect ratio (tables 4.2). Since the correlations are very weak, we use ordinary least square regressions (OLS). Within the 95 % level of confidence, the aspect ratios of both meandering and braided threads of the entire Ganga Plain channels exhibit a very weak (R 2 ∼ 0.2) correlation with discharge.

Thus the aspect ratio of the Ganga Plain rivers are almost naturally detrended from discharge as for the Kosi River. Regarding slope our dataset does not contain enough points to perform any statistical test. 4.2). Squares and circles represents the threads from meandering and braided river respectively.

Discussion

The large scatter of our data does not allow to draw definitive conclusions about the exponents of the regressions. However, the results presented here unambiguously show that meandering and braided threads of the entire Ganga Plain share a common regime relationship with discharge. To go further, we detrend our data set using the threshold theory as discussed in section 4.1.3.2.

Like the Kosi, detrended width of the Ganga Plain rivers does not depend on water discharge (figure: 4.8). OLS regression performed on W * confirms that it is completely detrended (slope of the regression is 0.02 ± 0.02 and R 2 = 0.01 for the entire population) at the 95 % level of confidence. However, detrended depth of the Ganga Plain rivers exhibit correlation with discharge (slope of the regression is -0.24 ± 0.02 and R 2 = 0.3 for the entire population) (figure 4.8). As for the Kosi Fan, the small number of slope measurements precludes any quantitative analysis.

Given the mild residual trends described above we may, to the first order, treat W * , and H * as a sample from a statistically uniform population, and compare the mean and standard deviation of braided and meandering threads of the entire Ganga Plain (figure 4.8). For width, the mean value and standard deviation are log 10 W * ≈ 0.34 and σ(log 10 W * ) ≈ 0.2 for braided threads, and log 10 W * ≈ 0.37 and σ(log 10 W * ) ≈ 0.2 for meandering threads.

An analysis of the variance shows that these distributions are equivalent for both mean and standard deviation. Using the same procedure, we find that the distributions of dimensionless depth have equal variances but different means: log 10 H * ≈ -1.62 and σ(log 10 H * ) ≈ 0.20 for braided threads, and log 10 H * ≈ -1.44 and σ(log 10 H * ) ≈ 0.26 for meandering. Here, we cannot rule out the effect of the strong residual trend of the data.

Finally, the simple scaling laws based on the threshold theory explain the detrending of the aspect ratio of both braided and meandering threads. We observe that the aspect ratio of braided and meandering threads shows a large dispersion (figure 4.9). This dispersion is practically uncorrelated with water discharge. As discussed before, this suggests that the sediment flux, vegetation or bank cohesion, are responsible for this dispersion [START_REF] Métivier | Alluvial Landscape Evolution: What Do We Know About Metamorphosis of Gravel-Bed Meandering and Braided Streams?[END_REF]. Since both vegetation and grain size seem to be relatively homogeneous on the Ganga Plain, we suspect that the sediment flux could be the main driver for the dispersion. The rivers of the Ganga Plain would be an ideal field site to test these hypotheses, provided we can measure accurately the sediment discharge of its threads.

The threshold theory predicts rather well the exponent of the scaling law for width. This finding could be of interest for studies about the hydraulic geometry of braided rivers. It can furthermore be used to evaluate the discharge of a channel using remote sensing or aerial images as will be discussed in the second part of this thesis.

Conclusion

In this study, we have presented new observations from the Kosi Fan and 8 major rivers from the Ganga Plain, which allow us to compare the morphology of braided and meandering threads. From the analysis based on our dataset, we can draw the following conclusions:

1. Braided and meandering threads located on the Kosi Fan or elsewhere on the Ganga Plain are morphologically similar. Both braided and meandering channels of the Kosi Fan and Ganga Plain scale in a same way. Therefore, only a single regime relation obtained for width-discharge and depth-discharge relationship can be generalized to model the entire Ganga Plain rivers.

2. Our results also support the idea that, one can extend the present day knowledge on the hydraulic geometry of single-thread channels to study braided threads.

3. Because of the similarities in braided and meandering thread, we can use the threshold channel theory to analyse field observations. Finally, our analysis brings a new insight to understand the channel morphology and calls for a more detailed comparative study of threads from braided and meandering rivers.

Chapter 5 Introduction

Measuring water discharge in rivers is necessary to investigate channels morphology, sediment transport, flood monitoring and to assess water resources. Despite this necessity, discharge is not available for many rivers, especially those located in sparsely populated places, high latitude regions, and developing countries. Even in developed countries, the discharge of a river is measured at sparsely located stations along its course [START_REF] Smith | Estimation of river discharge, propagation speed, and hydraulic geometry from space: Lena River, Siberia[END_REF][START_REF] Andreadis | Prospects for river discharge and depth estimation through assimilation of swath-altimetry into a raster-based hydrodynamics model[END_REF]. In between these measurement stations, the discharge is estimated by interpolation [START_REF] Smith | Estimation of river discharge, propagation speed, and hydraulic geometry from space: Lena River, Siberia[END_REF]. This is reasonable if river flows as single-thread channel and have a stable boundary. However, it is questionable in braided rivers, where the flow is distributed through multiple threads, generally actively moving [START_REF] Smith | Estimation of discharge from three braided rivers using synthetic aperture radar satellite imagery: Potential application to ungaged basins[END_REF][START_REF] Ashmore | Prediction of discharge from water surface width in a braided river with implications for at-a-station hydraulic geometry[END_REF].

The installation of permanent gauging stations is almost impossible in braided rivers, due to the high mobility of the bed and channel banks. To circumvent this problem gauging stations are sometimes set up at places like dams where the flow is confined into a single channel. This hinders our ability to estimate discharge in individual thread. To overcome this problem, and minimise the costs related to discharge measurement, researchers have proposed to use remotely sensed image to estimate the instantaneous water discharge [START_REF] Smith | Estimation of discharge from braided glacial rivers using ERS 1 synthetic aperture radar: First results[END_REF][START_REF] Smith | Estimation of discharge from three braided rivers using synthetic aperture radar satellite imagery: Potential application to ungaged basins[END_REF][START_REF] Smith | Satellite remote sensing of river inundation area, stage, and discharge: A review[END_REF][START_REF] Alsdorf | Interferometric radar measurements of water level changes on the Amazon flood plain[END_REF][START_REF] Ashmore | Prediction of discharge from water surface width in a braided river with implications for at-a-station hydraulic geometry[END_REF][START_REF] Alsdorf | Measuring surface water from space[END_REF][START_REF] Marcus | Optical remote mapping of rivers at sub-meter resolutions and watershed extents[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][START_REF] Papa | Ganga-Brahmaputra river discharge from Jason-2 radar altimetry: An update to the long-term satellite-derived estimates of continental freshwater forcing flux into the Bay of Bengal[END_REF][START_REF] Gleason | Toward global mapping of river discharge using satellite images and at-many-stations hydraulic geometry[END_REF]. These studies establish rating relationships between some image-derived parameters (channel width, water level or stage), to the discharge measured in the field. [START_REF] Smith | Estimation of discharge from braided glacial rivers using ERS 1 synthetic aperture radar: First results[END_REF]; [START_REF] Smith | Satellite remote sensing of river inundation area, stage, and discharge: A review[END_REF]; [START_REF] Smith | Estimation of river discharge, propagation speed, and hydraulic geometry from space: Lena River, Siberia[END_REF] and [START_REF] Ashmore | Prediction of discharge from water surface width in a braided river with implications for at-a-station hydraulic geometry[END_REF], for example, use synthetic aperture radar and ortho-rectified aerial images to estimate reach-averaged discharge in braided rivers. They relate the image derived effective width of a braided river to the discharge at nearby gauge station. Their approach provides an estimate of the total discharge in a braided river, at a given section. However, this technique is highly site specific and provides an instantaneous estimate. It assumes that the bed does not change over time.

To proceed, we first provide a background knowledge on the principle of rating curves and its application to estimate rivers discharge at gauging stations. We then review some of the widely applied techniques that are used to establish rating curves. Following the discussion, we review the potential of remote sensing images to monitor water-level (stage) and river width as to estimate instantaneous discharge. Finally, we discuss the limitations of existing discharge assessment techniques and propose an original way to address the problem of discharge estimation in ungauged braided streams of the Himalayan foreland. This curve is universally known as stage-discharge rating curve and often expressed according to [START_REF] Rantz | Measurement and computation of stream flow[END_REF][START_REF] Bjerklie | Evaluating the potential for measuring river discharge from space[END_REF]. (5.1) where the coefficients a and m are constants specific to the channel cross-section surveyed, e is the elevation of zero flow, Z is the stage, and Q is the discharge. The term (Z -e)

Q = a(Z -e) m ,
is often interpreted as equivalent to the mean river flow depth (H).

Once a stage-discharge relationship is established, the discharge can be inferred from the measurements of the water level at any given gauging station.

Calibration techniques

Velocity-area Instruments such as float, current meter, sonar and velocity meters together with depth sounders are deployed in a river to measure flow velocity (u) and the channel depth (H) at regular interval (vertical and lateral) across a river cross-section [START_REF] Gordon | Acoustic measurement of river discharge[END_REF][START_REF] Sanders | manual of field hydrogeology[END_REF][START_REF] Simpson | Discharge measurements using a broad-band acoustic Doppler current profiler[END_REF][START_REF] Rennie | Site specificity of bed load measurement using an acoustic Doppler current profiler[END_REF][START_REF] Chauvet | Recirculation cells in a wide channel[END_REF]. The area of a cross-section is obtained from the integration, over the entire river width (W ), of the depth. For a given cross-section, the discharge is then calculated

according to Q = W udH. (5.2)
For a detailed description of velocity-area measurements, see chapter 3, in part I.

Tracer-dilution In some cases, the velocity-area method may not be feasible. This is particularly true in smaller and steep streams with a step-pool or boulder-cascade morphology. In such condition, the tracers-dilution technique provides an effective measurement of the stream discharge [START_REF] Day | On the precision of salt dilution gauging[END_REF][START_REF] Rantz | Measurement and computation of stream flow[END_REF][START_REF] Kilpatrick | Measurement of discharge using tracers[END_REF]Moore, 2004a,b;[START_REF] Richardson | Refinement of tracer dilution methods for discharge measurements in steep mountain streams[END_REF].

The tracer-dilution methods relies on the injection of a measured volume of tracer into a flowing stream of unknown discharge. The tracer is dispersed through the flow crosssection by turbulence, until the distribution of concentration across any downstream section is nearly uniform and independent of the conditions of injection. From the tracer injection rate and concentration, and the concentration of tracer at a downstream sampling locations, the stream discharge can be computed.

The constant-rate injection method, consists in injecting a solution at a constant rate, for a sufficiently long period of time. A steady state concentration can then be recorded at the sampling station (figure 5.3).

The stream discharge in then computed from the solute mass balance as:

QC b + qC 1 = (Q + q)C 2 , (5.3)
where q is the rate of injected tracer solution, Q is the stream discharge, C b is the background concentration of the stream, C 1 is the concentration of the tracer solution injected into the stream, and C 2 is the measured concentration plateau of the concentration-time curve. In the slug injection method, a volume of tracer solution is instantaneously injected into a stream. After complete mixing of the tracer, a concentration-time curve is obtained at the downstream sampling station (figure: 5.3).

The tracer mass balance, integrated over time then reads

Q = V 1 C 1 ∞ 0 (C -C b )dt , (5.4)
where V 1 is the volume of the tracer solution used for slug injection in the stream, C is the measured concentration of tracer at a given time at the downstream sampling site, t is time.

∞ 0 (C -C b )dt is the total area under the concentration-time curve.

Discussion

A rating curve such as equation 5.1 is specific to the station where the stage-discharge relationship has been established. Such a curve can-not be directly used in another river nor at different location along the same river [START_REF] Rantz | Measurement and computation of stream flow[END_REF].

Moreover, stage-discharge rating curves are usually established at locations where a river flows in a single thread. In braided rivers, the flow is artificially confined into single channel to establish rating curves and to calculate the total discharge. Such curves can therefore not be used to estimate the discharge of individual threads [START_REF] Ashmore | Prediction of discharge from water surface width in a braided river with implications for at-a-station hydraulic geometry[END_REF][START_REF] Hunger | Value of river discharge data for global-scale hydrological modeling[END_REF]. In addition, stage discharge rating curves rely on the assumption, that the river's boundary is not subject to erosion or aggradation over time. This assumption is sometimes questionable, particularly in mobile-bed alluvial rivers, where the bed topography varies within a day [START_REF] Ashmore | Prediction of discharge from water surface width in a braided river with implications for at-a-station hydraulic geometry[END_REF].

To overcome these limitations, some researchers proposed to use remotely sensed satellite images to estimate river discharge [START_REF] Smith | Estimation of discharge from three braided rivers using synthetic aperture radar satellite imagery: Potential application to ungaged basins[END_REF][START_REF] Bjerklie | Evaluating the potential for measuring river discharge from space[END_REF][START_REF] Alsdorf | Tracking fresh water from space[END_REF][START_REF] Bjerklie | Estimating discharge in rivers using remotely sensed hydraulic information[END_REF][START_REF] Ashmore | Prediction of discharge from water surface width in a braided river with implications for at-a-station hydraulic geometry[END_REF][START_REF] Alsdorf | Measuring surface water from space[END_REF][START_REF] Gleason | Toward global mapping of river discharge using satellite images and at-many-stations hydraulic geometry[END_REF].

Remote sensing techniques

Principle

Remote sensing images acquired from a satellite or an aircraft provide a synoptic view of the Earth's surface. Nowadays several operational satellites repeatedly acquire images in the optical, infrared, and microwave ranges of the electromagnetic spectrum. These images offer accurate and repeated surveys of water bodies such as rivers, ocean, lakes, etc. [START_REF] Bryan | The use of radar imagery for surface water investigations[END_REF][START_REF] Koblinsky | Measurement of river level variations with satellite altimetry[END_REF][START_REF] Smith | Estimation of discharge from three braided rivers using synthetic aperture radar satellite imagery: Potential application to ungaged basins[END_REF][START_REF] Alsdorf | Interferometric radar measurements of water level changes on the Amazon flood plain[END_REF][START_REF] Bjerklie | Evaluating the potential for measuring river discharge from space[END_REF][START_REF] Bjerklie | Estimating discharge in rivers using remotely sensed hydraulic information[END_REF][START_REF] Alsdorf | Tracking fresh water from space[END_REF][START_REF] Ashmore | Prediction of discharge from water surface width in a braided river with implications for at-a-station hydraulic geometry[END_REF][START_REF] Alsdorf | Measuring surface water from space[END_REF][START_REF] Marcus | Optical remote mapping of rivers at sub-meter resolutions and watershed extents[END_REF][START_REF] Sheffield | Closing the terrestrial water budget from satellite remote sensing[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][START_REF] Papa | Ganga-Brahmaputra river discharge from Jason-2 radar altimetry: An update to the long-term satellite-derived estimates of continental freshwater forcing flux into the Bay of Bengal[END_REF][START_REF] Passalacqua | Geomorphic signatures of deltaic processes and vegetation: The Ganges-Brahmaputra-Jamuna case study[END_REF][START_REF] Gleason | Toward global mapping of river discharge using satellite images and at-many-stations hydraulic geometry[END_REF]. Some of these researchers explored the possibility to estimate river discharge from satellite and aerial images. Such practice again relies on the establishment of empirical rating curves that correlate satellite derived parameters, such as width or water-surface elevation (stage), to in-situ measured discharge.

Discharge from stage

Radar altimeters were among the first instruments used remote sensing in hydrology.

These instruments were originally designed to monitor changes in ocean water-level and ice sheets from space [START_REF] Birkett | Contribution of the TOPEX NASA radar altimeter to the global monitoring of large rivers and wetlands[END_REF][START_REF] Birkett | Surface water dynamics in the Amazon Basin: Application of satellite radar altimetry[END_REF][START_REF] Alsdorf | Tracking fresh water from space[END_REF].

Later, researchers explored the potential of radar altimetry data to measure stage variations over large rivers. Since resolution of a radar altimeter ranges from 0.2 to 2 km, the target must be at least wider than this. [START_REF] Koblinsky | Measurement of river level variations with satellite altimetry[END_REF] used Geosat altimeter data to measure elevation changes at several locations in the Amazon River basin with a vertical accuracy of the order of 0.7 m. [START_REF] Birkett | Contribution of the TOPEX NASA radar altimeter to the global monitoring of large rivers and wetlands[END_REF] and [START_REF] Birkett | Surface water dynamics in the Amazon Basin: Application of satellite radar altimetry[END_REF] used the TOPEX-Poseidon altimeter images and measured the water-surface elevation changes in the Amazon Basin, the Okavango River, the Indus River, and the Congo River with an accuracy ranging from 11 to 60 cm. [START_REF] Alsdorf | Interferometric radar measurements of water level changes on the Amazon flood plain[END_REF] used interferometric synthetic aperture radar (SAR) images to measure the water-surface elevation change on the Amazon flood plain.

The potential of radar altimetry to detect changes in rivers stage provides a way to estimate discharge. Several studies therefore attempted to calibrate stage-discharge rating curves from altimeter derived river stages to ground measured discharges at specific gauging stations [START_REF] Birkett | Surface water dynamics in the Amazon Basin: Application of satellite radar altimetry[END_REF][START_REF] Kouraev | Ob'river discharge from TOPEX/Poseidon satellite altimetry (1992-2002[END_REF][START_REF] Coe | Calculation of river discharge and prediction of lake height from satellite radar altimetry: Example for the Lake Chad basin[END_REF][START_REF] Zakharova | Amazon River discharge estimated from TOPEX/Poseidon altimetry[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][START_REF] Papa | Ganga-Brahmaputra river discharge from Jason-2 radar altimetry: An update to the long-term satellite-derived estimates of continental freshwater forcing flux into the Bay of Bengal[END_REF]. [START_REF] Birkett | Surface water dynamics in the Amazon Basin: Application of satellite radar altimetry[END_REF] used river stage from TOPEX-Poseidon data to calibrate discharge rating curves at several locations in the Amazon Basin by comparing the altimetry data with stage and discharge measured at existing gauging stations. Using a similar approach [START_REF] Kouraev | Ob'river discharge from TOPEX/Poseidon satellite altimetry (1992-2002[END_REF] estimated the daily discharge in an Arctic river, the Ob River. The reported errors on the discharge estimated from the satellite images are of the order of 8 %

for [START_REF] Birkett | Surface water dynamics in the Amazon Basin: Application of satellite radar altimetry[END_REF], and 1 -3 % for [START_REF] Kouraev | Ob'river discharge from TOPEX/Poseidon satellite altimetry (1992-2002[END_REF]. Similarly [START_REF] Coe | Calculation of river discharge and prediction of lake height from satellite radar altimetry: Example for the Lake Chad basin[END_REF] used TOPEX-Poseidon altimetry data to estimate a monthly average discharge of the Chari River at N'Djamena, Chad. [START_REF] Zakharova | Amazon River discharge estimated from TOPEX/Poseidon altimetry[END_REF] used satellite altimetry data to estimate the discharge at three different locations along the Amazon River.

Later [START_REF] Papa | Satellite altimeterderived monthly discharge of the Ganga-Brahmaputra River and its seasonal to interannual variations from 1993 to 2008[END_REF] used TOPEX-Poseidon, ERS-2, and ENVISAT satellite data to track water level in the Ganges and the Brahmaputra rivers in Bangladesh. Using these measurements together with stage-discharge rating curves, they estimated the daily discharge for both rivers. They found a mean error of the order of about 15% for the Brahmaputra and about 36% for the Ganges using TOPEX-Poseidon and ERS-2 data respectively. In another study, [START_REF] Papa | Ganga-Brahmaputra river discharge from Jason-2 radar altimetry: An update to the long-term satellite-derived estimates of continental freshwater forcing flux into the Bay of Bengal[END_REF] used Jason-2 radar altimeter measurements to estimate water discharge in the Ganges and the Brahmaputra rivers. They found that the Jason-2 radar altimeter could detect water level fluctuations in the Ganges and the Brahmaputra rivers within 4% of the ground-measured stage. They also estimated monthly average discharge for the years 2008 -2011, and found that the Jason-2 radar altimeter measurements could be used to infer the discharge with an uncertainty ranging from 6.5 % to 13 %.

Discharge from width

Compared to stage, the river width can be measured from satellite with a better precision. Several studies highlighted the possibility to use width measurements from remotely sensed images as a proxy for water discharge [START_REF] Smith | Estimation of discharge from braided glacial rivers using ERS 1 synthetic aperture radar: First results[END_REF][START_REF] Smith | Estimation of discharge from three braided rivers using synthetic aperture radar satellite imagery: Potential application to ungaged basins[END_REF][START_REF] Bjerklie | Evaluating the potential for measuring river discharge from space[END_REF][START_REF] Bjerklie | Estimating discharge in rivers using remotely sensed hydraulic information[END_REF][START_REF] Ashmore | Prediction of discharge from water surface width in a braided river with implications for at-a-station hydraulic geometry[END_REF][START_REF] Marcus | Optical remote mapping of rivers at sub-meter resolutions and watershed extents[END_REF][START_REF] Smith | Estimation of river discharge, propagation speed, and hydraulic geometry from space: Lena River, Siberia[END_REF][START_REF] Hirpa | Upstream satellite remote sensing for river discharge forecasting: Application to major rivers in South Asia[END_REF][START_REF] Pavelsky | Using width-based rating curves from spatially discontinuous satellite imagery to monitor river discharge[END_REF][START_REF] Gleason | Toward global mapping of river discharge using satellite images and at-many-stations hydraulic geometry[END_REF]. In a fashion similar to stage-discharge, these studies also rely on the calibration of empirical rating curves between river width, measured from satellite, and discharge, measured at gauging stations. [START_REF] Smith | Estimation of discharge from braided glacial rivers using ERS 1 synthetic aperture radar: First results[END_REF] used ERS-1 synthetic aperture radar satellite image and ground measurements of discharge to estimate the water discharge in a braided river of British Columbia. They measured an effective-width (W e ) by dividing the water surface area of a 10 km × 3 km control section to the reach length. Based on the satellite derived effective with and the simultaneous measurement of water discharge, they established an empirical effective-width (m) versus discharge (m 3 s -1 ) rating curve relationship according to W e = 27.5Q 0.42 .

(5.5) They found that this regime equation 5.5 explained about 89 % of the observed variations in discharge to the 95 % level of confidence.

In a subsequent work [START_REF] Smith | Estimation of discharge from three braided rivers using synthetic aperture radar satellite imagery: Potential application to ungaged basins[END_REF], obtained similar effective-width (m) versus discharge (m 3 s -1 ) rating curves for the Tanana, Taku and Iskut rivers in Alaska and Canada, respectively : W e = 50.45Q 0.38 , W e = 29.89Q 0.42 , W e = 72.31Q 0.26 .

(5.6)

As [START_REF] Smith | Estimation of discharge from braided glacial rivers using ERS 1 synthetic aperture radar: First results[END_REF], they used SAR images and calculated the effective width for a given river reach. They then calibrated the satellite derived effective widths with discharges from the nearest gauging stations, and established empirical rating curves to predict discharge time series (figure 5.5). [START_REF] Ashmore | Prediction of discharge from water surface width in a braided river with implications for at-a-station hydraulic geometry[END_REF] used large scale, ground-based, orthorectified, oblique images to estimate discharge in a small braided river, the Sunwapta in Canada. They extracted the effective width according to the technique developed by [START_REF] Smith | Estimation of discharge from braided glacial rivers using ERS 1 synthetic aperture radar: First results[END_REF]. Using the effective width (m) and simultaneous field measurements of discharge (m 3 s -1 ), they calibrated the following empirical rating curve 

Q = 0.172W e +

Discussion

These remote sensing methods to estimate the discharge of a river rely on empirical rating curves. Such rating curves are often site specific, and thus cannot be extrapolated to other rivers, or even other locations on the same river. Moreover, as these curves vary significantly between locations, they must be established for each location independently.

Few attempts have been made to overcome these limitations. [START_REF] Bjerklie | Estimating discharge in rivers using remotely sensed hydraulic information[END_REF] used aerial orthophotographs and SAR images to estimate discharge in various single-thread and braided rivers. Using these images, they extracted the maximum water width at a given river reach. They combined the image-derived channel widths with channel slopes from topographic maps in order to estimate the discharge with a statistical model developed by [START_REF] Bjerklie | Evaluating the potential for measuring river discharge from space[END_REF]. They reported that their model allows to estimate discharge within a standard error of 50 -100 %. However, they suggested that after using a calibration function based on direct observation, the accuracy could be as low as 10 %. More recently, [START_REF] Gleason | Toward global mapping of river discharge using satellite images and at-many-stations hydraulic geometry[END_REF] suggested that the discharge of a single-thread river can be estimated from satellite images only, without any ground measurement.

They plotted the exponents and coefficients of hydraulic regime equations established at 88 different gauging stations along six rivers in the United States. They found that exponents and coefficients are correlated.

However the finding of [START_REF] Gleason | Toward global mapping of river discharge using satellite images and at-many-stations hydraulic geometry[END_REF] seems inherent to the hydraulic regime equations, which relate average width < W > of a river as a power-law function of its average discharge < Q >. Assuming a regime equation of form:

< W >= a < Q > b .
(5.8) Equation 5.8, can we rewritten in the form of a relationship between the parameters a and b: 

b = log < W > -log a log < Q > , ( 5 

Towards a thread-based estimate of discharge

Satellite images provide a way to measure a river's width or stage and from there to estimate the discharge. Most of the techniques to date rely on rating curves calibrated from repeated ground measurements of river geometry (width and depth) and discharge. These rating curves are highly site-specific which precludes their use in other rivers or even in the same river at some other location. Similarly, braided rivers rating curves are often established at the location where the river is confined to a single thread. Hence they only provide an estimate of the total discharge at a given cross section. Furthermore, such rating curve can not be used to estimate the discharge in individual threads. Because the river width scales non-linearly with discharge (W = Q e , e < 1), regime relations obtained refers the total width of a braided river, will not be the same as those obtained for individual threads. As discussed earlier, three studies have tried to address this issue and proposed methods to estimate discharge without resorting to empirical calibration. These interesting studies have their own flaws though. The study of [START_REF] Gleason | Toward global mapping of river discharge using satellite images and at-many-stations hydraulic geometry[END_REF] relies on an unjustified congruence between an image-derived parameter and a parameter that enables to calculate the local regime relationship between width and discharge. The studies of [START_REF] Bjerklie | Estimating discharge in rivers using remotely sensed hydraulic information[END_REF] and [START_REF] Sun | Towards improving river discharge estimation in ungauged basins: calibration of rainfall-runoff models based on satellite observations of river flow width at basin outlet[END_REF] show that some calibration to local field measurements is still needed to achieve a reasonable accuracy of the discharge prediction.

Whether a method could be devised to resolve the site-specificity of rating curves therefore remains a pending question. In part I, we have shown that individual threads of braided and meandering rivers of the Ganga Plain exhibit comparable morphologies. Based on field measurements of width, depth, and discharge across various individual threads in braided and meandering rivers over the entire Ganga Plain, we have shown that all these threads exhibit a common regime relation, for width and depth. We therefore expect, that this "universal" regime equations could be used to estimate the discharge of any thread (braided or meandering) flowing on the Ganga Plain. To test this hypothesis, we use our rating curve together with Landsat images to estimate individual thread discharges in braided rivers. We then sum individual discharges across the braided channel to estimate the total discharge and compare the results with available discharge records from neighbouring gauging station.

As our regime relationship seems to be valid anywhere in the Himalayan foreland, and because previous studies suggest that the entire Indus-Ganga-Brahmpautra plain developed under similar conditions [START_REF] Singh | Geological evolution of Ganga Plain-an overview[END_REF], this relationship could be applied to threads of any river (braided, meandering or straight) anywhere in this plain. In chapter 6, we discuss the dataset and procedures developed to extract thread widths from Landsat satellite images and estimate thread discharges. In chapter 7, we present the results and provide a detailed discussion. Finally we conclude our study and highlight future perspectives.

Chapter 6

Discharge measurement from satellite images Abstract

This chapter provides a detailed description of the procedure we developed to estimate the formative discharge of rivers from satellite images. After a brief description of the in-situ discharge data, we explain the procedures to classify satellite image pixels into binary river and non-river classes. We then present the algorithms which are used to automate the width extraction procedure across a river channel. The extracted widths are then used together with the regime equation 6.4 derived for the Ganga Plain rivers to calculate the discharge of individual threads and estimate the spatial distribution of discharges flowing over an entire braided river.

Dataset

River discharge data

In-situ measurements of the water discharge of five major rivers (Brahmaputra, Teesta, Ganges, Cheenab, and Indus) of the Indus-Ganga-Brahmaputra plain are available publicly since 1949 -1975. They can be freely downloaded from RivDis1 . We obtained discharge data from 1996 -2005, for the Ganges and Brahmaputra rivers in Bangladesh by personal request to the department of Geology, university of Dhaka. Similarly, we obtained the Ganges River discharge from 1978 -2007, measured 

Satellite images

We here use moderate spatial resolution (30 m) Landsat-TM and Landsat-8 satellite images. These images can be downloaded freely from Earth Explorer2 website. The landsat satellites operate in visual, infra-red and thermal region of the electromagnetic spectrum.

The characteristics of Landsat-TM and Landsat-8 satellites are listed in table 6.2.

For our study purposes, we downloaded all available cloud-free Landsat satellite images, at the locations that were near the in-situ discharge measurement stations (figure 6.2).

Hardly any cloud free images are available for the period of July to September. This is mainly due to the strong monsoon that causes intense rainfall and intense cloud covers.

Our Landsat data archive therefore does not includes images from the monsoon season (July to September, see appendix B).

Satellite image processing

Classification

Our main purpose is to extract the width of individual river channels from satellite images.

To do this, we first need to classify the image pixels into binary water and non-water classes. The pixels classified as water is the foreground object and will be used to define river channels. Dry pixels serve as a background object. To extract the river channels we use the infra-red bands of landsat-TM and Landsat-8 images. In Landsat-TM, the infra-red (0.76 -0.90 µm) wavelength corresponds to band 4 whereas, in landsat-8 image, it corresponds to band 5 (0.85 -0.88 µm). Theoretically, since water absorbs most of the infra-red radiations it appears dark, with an associated brightness value close to 0. This typical characteristics of the infra-red signal allows to make a clear distinction between the water covered dry areas on the satellite images [START_REF] Frazier | Water body detection and delineation with Landsat TM data[END_REF]. However, in the case of a river, the pixel intensity varies widely because of heterogeneous reflectance of river water, due to the presence of sediment and organic particles [START_REF] Nykanen | Study of spatial scaling in braided river patterns using synthetic aperture radar imagery[END_REF].

Because the image intensity is not exactly 0 or 1, we need to introduce a threshold intensity to classify the pixels. Based on this criteria we can convert the gray scale image f (x, y) into a binary image g(x, y), which distinguished between the water-covered and dry areas. This approach takes an object-background image and selects a threshold value that segments image pixels into either object (1) or background (0) [START_REF] Ridler | Picture thresholding using an iterative selection method[END_REF][START_REF] Sezgin | Survey over image thresholding techniques and quantitative performance evaluation[END_REF].

g(x, y) =      0, if f (x, y) < T 1, if f (x, y) >= T (6.1)
If the histogram of the pixel intensities has a bimodal shape, the threshold value that separates the background and foreground object is assumed to lie in the valley between two peaks (figure 6.3 ).

Finding the correct valley between the peaks of a histogram is difficult if the histogram is noisy. Although histogram smoothing can be useful, it does not guarantee that a correct minimum can be obtained. If the histogram of intensity is bimodal, one assumes that the histogram is the sum of two normal distributions. By fitting the form parameters associated to this composite distribution, we can determine the valley location [START_REF] Chow | Automatic boundary detection of the left ventricle from cineangiograms[END_REF].

If the histogram exhibits a multi-modal shape more complicated threshold selection techniques based on iterative refinement can be used [START_REF] Ridler | Picture thresholding using an iterative selection method[END_REF][START_REF] Yanni | A new approach to dynamic thresholding[END_REF]. [START_REF] Ridler | Picture thresholding using an iterative selection method[END_REF] proposed, an iterative scheme where at iteration n, a new threshold T n is established using the average of the background (high intensity) and foreground (low intensity). The iteration terminates when the threshold converges towards a constant. [START_REF] Yanni | A new approach to dynamic thresholding[END_REF] refined the search for the optimal threshold.

They proposed an initial threshold as a midpoint value that lies in between the maximum and minimum gray level intensity (gi) as gi mid = (gi max + gi min )/2, where gi max is the highest and gi min is the lowest gray level intensity. Using this initial threshold, pixel are clustered into foreground and background objects. The threshold value is updated at each iteration using the mean intensity of these cluster. Again, the iteration terminates when the threshold converges.

Since our histograms are not bimodal, we apply the algorithm of [START_REF] Yanni | A new approach to dynamic thresholding[END_REF] to obtain the threshold value iteratively. Once this optimal value is obtained, we apply it to classify our pixels into water and dry classes (figure 6.4).

Classification artefacts

The binary classification of satellite images into water and dry pixels produces spurious features (figure 6.5 a). These consist of wet pixels that get classified as dry or of isolated water pixels that appear randomly in the binary images [START_REF] Passalacqua | Geomorphic signatures of deltaic processes and vegetation: The Ganges-Brahmaputra-Jamuna case study[END_REF]. Clusters (usually 2 -3 pixels in size) that appear inside the river network do not corresponds to bars or islands. They seem to be more frequent areas where strong reflection from the bed sediment cause water pixels to appear more like sand. Isolated water pixels that do not belong to the river are located in water-logged areas. We identify both of these type errors and reprocess the binary classified images to remove them automatically.

The removal procedure is as follows. We first identify the isolated water patches from the binary images. To do this, we define a search window of 7 × 7 pixel size. We run this search window on image and look for neighbouring water pixels in all surrounding directions. If a water pixel in the classified image is disconnected in all direction from neighbouring water pixels for more than nine pixels, we consider them as isolated water bodies. We therefore re-classify such pixels as dry. We repeat this procedure iteratively by applying a region growing algorithm [START_REF] Mehnert | An improved seeded region growing algorithm[END_REF][START_REF] Bernander | Improving the stochastic watershed[END_REF][START_REF] Fan | Seeded region growing: an extensive and comparative study[END_REF]. For this we initially select a water seed pixel inside the river channel. The algorithm uses the initial water pixels and starts growing. This procedure Once images are reclassified, we reprocess them to merge the water pixels that were initially classified as dry inside a river channel. For this we define a search window of 3 × 3 pixels. We choose this size by assuming that dry pixels should be more than 90 meter in size to be considered as bars or islands. Otherwise such pixels are treated as water pixels. We move the search window on the binary image and look for neighbouring dry pixels inside the river channel (figure 6.5 b).

River width extraction

Once the satellite images are classified, we use the binary images to extract the width of each channel. We do this by measuring the distance from the centre of a channel to its banks orthogonally to the thalweg. This procedure requires the definition of the river centreline (skeleton) and the river banks. In this section we present the algorithms used to do so.

Centreline extraction

A river centreline corresponds to its median axis often referred to as the "skeleton" in computer vision parlance. There are several algorithms that identify the object centreline from a binary image e.g. mathematical morphology, distance transformation, and thinning algorithms [START_REF] Zhang | A fast parallel algorithm for thinning digital patterns[END_REF][START_REF] Jang | Analysis of thinning algorithms using mathematical morphology, Pattern Analysis and Machine Intelligence[END_REF][START_REF] Lam | Thinning methodologies-a comprehensive survey[END_REF][START_REF] Chatbri | A comparative study using contours and skeletons as shape representations for binary image matching[END_REF]. The aim of all these algorithms is to represent objects as one-pixel thick lines, while presuming the topology [START_REF] Baruch | Line thinning by line following[END_REF][START_REF] Lam | Thinning methodologies-a comprehensive survey[END_REF][START_REF] Chatbri | A comparative study using contours and skeletons as shape representations for binary image matching[END_REF].

The algorithms based on mathematical morphology use successive erosion and dilation to obtain the object skeleton. Starting from the banks, the pixels are progressively eroded (removed) until only one connected pixel remains that stands at the mid point of the channel. Similarly, the distance transformation algorithm, starts from the banks and progressively computes the distance of channel pixels to the banks (nearest background pixel). The pixels with the largest distance lie at the center of the channel, and form the skeleton [START_REF] Shih | A skeletonization algorithm by maxima tracking on Euclidean distance transform[END_REF][START_REF] Sundar | Skeleton based shape matching and retrieval[END_REF]. Finally, the thinning algorithm has become the most widely used algorithm to extract an object's centreline. The algorithm iteratively reduces the boundary pixels in a way that preserves its topology (for example eroding pixels must not alter the geometric properties of the object studied) and connectivity. The final skeleton is centred within the object and reflects its geometrical properties [START_REF] Zhang | A fast parallel algorithm for thinning digital patterns[END_REF][START_REF] Baruch | Line thinning by line following[END_REF][START_REF] Lam | Thinning methodologies-a comprehensive survey[END_REF][START_REF] Chatbri | A comparative study using contours and skeletons as shape representations for binary image matching[END_REF].

In this study, we apply the thinning algorithm to extract the skeleton of our river network from the binary images (figure 6.6 a). The thinning algorithms produces several small centreline segments, often less than 300 meter in length, that are disconnected from the channel network at one end (figure 6.6 a). These segments of the skeleton are too small to be considered as part of the river network. For our purpose we consider such segments as noise and filter them out. We do this iteratively, by looking for skeleton segments those are disconnected from the skeleton network at one end. In figure 6.6 b, such skeleton segments are identified and shown in red. Once all these segments are identified, we remove them from the final skeleton.

Contour extraction

In order to extract the channel boundaries from our binary images, we apply a contour extraction algorithm that detects the outer boundary of a channel (figure 6.6 c). This algorithm relies on a pixel-neighbourhood analysis, where a pixel in a binary image is considered a contour pixel, if it has at least one background neighbour [START_REF] Chatbri | A comparative study using contours and skeletons as shape representations for binary image matching[END_REF]. 

Identification of nodes

Braided rivers exhibit complex morphologies near junctions or nodes (confluences and diffluence). The morphology and hydraulic geometry of a river channel near a node are highly sensitive to changes in boundary conditions like discharge and sediment supply [START_REF] Miller | High mountain streams: effects of geology on channel characteristics and bed material, State Bureau of Mines and Mineral Resources[END_REF][START_REF] Roy | A model for changes in channel form at a river confluence[END_REF][START_REF] Best | Flow dynamics at river channel confluences: implications for sediment transport and bed morphology[END_REF][START_REF] Biron | Bed morphology and sedimentology at the confluence of unequal depth channels[END_REF][START_REF] Benda | Confluence effects in rivers: interactions of basin scale, network geometry, and disturbance regimes[END_REF]. Since we aim to use channels width as a proxy for water discharge, we do not include junctions in our analysis. We do this by identifying the location of each node in a river skeleton (figure 6.7 a) and select an area of 5 pixels (≈ 150 m) around the junction as a confluence or diffluence.

Width estimation

We now use the skeleton and channel boundaries to extract the channel width. Figure 6.8 illustrates this procedure. We draw a perpendicular line from each pixel of the skeleton to both side of the channel (figure 6.7 b). We then calculate the distance from any point (x, y) on the skeleton to its corresponding left (x 1 , y 1 ) and right (x 2 , y 2 ) points on the channel boundary:

D right (x, y) = (x -x 1 ) 2 + (y -y 1 ) 2 D lef t (x, y) = (x -x 2 ) 2 + (y -y 2 ) 2 (6.2)
where x, x 1 , x 2 , and y, y 1 , y 2 are the pixel coordinates, and D right and D lef t are the distance from skeleton to the right and left boundaries. The total channel width D tot is then obtained from D tot (x, y) = D right (x, y) + D lef t (x, y) (6.3)

Discharge estimation

We now proceed to estimate the water discharge (Q) of a channel based on the width measured from satellite images. To do this we use the semi-empirical regime relation established using the threshold channel theory and field measurements on the Ganga Plain (chapter 4, in part I). The resulting regime relation reads: (6.4) where α is the best-fit coefficient.

Q = W α 2 gd s ,
We use equation 6.4 to calculate the discharge for channels of known width. Since most of our rivers are braided, we first calculate the discharge for individual threads across a given section. To illustrate this procedure, let us consider a braided river as shown in To estimate the total discharge (Q tot ) at S1, we calculate the individual discharges (Q 11 , Q 12 , Q 13 ) at each of the thread and sum them according to:

Q tot = Q 11 + Q 12 + Q 13 (6.5)
We can thus calculate the discharge at each section along the river for which threads'

width are available from satellite images. Finally, the discharges through a section can be calculated along an entire reach. In chapter 7, we present the results of this calculation and discuss its perspectives.

Chapter 7

Results

In this chapter we present a method of discharge estimation from Landsat satellite images for various rivers of the Himalayan foreland. We first discuss the potential of our automated algorithm to extract the width of individual threads accurately from the nearinfrared band of Landsat images. We document the expected variability of the thread width within a single reach as well as the overall variability along different reaches of a braided river. We then provide a comparison between estimated discharges and groundmeasured discharges at the nearest gauging stations. Thereafter we discuss the sensitivity of our discharge estimates, as a consequence of the uncertainty on the width, and to point at the limitations of the technique. Overall the technique we propose allows us to estimate the average annual discharge of any ungauged river of the Himalayan foreland.

7.1 Channel-width extraction: accuracy and variability

Accuracy of the width measurement

To assess the precision with which we can estimate the discharge of a thread, we need to quantify the accuracy of our width-extraction procedure using Landsat satellite images. However our algorithm fails to extract the contours of the smallest channels (60 -90 meter in width). Several reasons explain this limitation. First, as these channels are both shallow and only a few pixels wide, their pixel intensity is close to the pixel intensity of dry areas. Therefore the optimal threshold applied to categorize the image pixels does not identify these channels as water. Second, although an increase in the classification threshold could force the algorithm to identify these pixels as water, it would also add significant noise by classifying many dry pixels as water pixels. Such a limitation appears to be closely related to the image resolution.

Given this qualitative agreement, we proceed to evaluate the accuracy of the width extraction procedure. To do this we overlay the transects used by the algorithm to measure the width of a thread on the original image (figure 7.3 a). We then manually measure the width at randomly selected transects for comparison. For each river, we manually measure the width at more than 15 randomly selected transects.

We then compare the extracted and manually measured widths (for data refer to appendix B). located near highly curved reaches at the confluence or diffluence of two or more threads.

In such places, the thread width is overestimated by sometimes more than 50 % compared to the width measured manually. At most locations though, our procedure extracts valid transects (figure 7.3 c).

To go further, we assess the distribution of relative discrepancies between automatically and manually measured widths (figure 7.5). We observe that the relative error of 90 % of our measurements is centred around a mean µ ≈ -0.02 with a standard deviation σ ≈ 0.07. This supports on width-extraction procedure.

Finally, we tested our automated procedure on an image acquired from unmanned aerial vehicle (UAV) and compared it to the width measured at the same time and location using an ADCP (figure 7.6). Using our automated procedure, we extract transects across the channel on the UAV-acquired image and compute the width. The field-measured width is slightly higher than the width extracted from the UAV image. Figure 7.6 shows that this slight discrepancy is due to the ADCP profile. Because of boat drift, the ADCP section is not entirely perpendicular to the main flow and therefore slightly overestimates the thread width. Despite this, the agreement between both methods is good (discrepancy is less then 4 %). ′ 12 " ).

Variability along a thread

In a braided river, the width of a thread varies significantly along its course. To quantify this variability, we select a reach and plot the probability distribution of the width measured across different transects. To take this skewness into account, we use the most probable width W m as the representative value of the width. This value corresponds the geometric mean of all measured values.

We then use W m to assess the variability over different reaches of a braided river. Figure 7.8 shows a histogram of W m for all the reaches of the Kosi River. Again the probability distribution is skewed towards small values. This distribution shows the very uneven distribution of thread sizes and discharges in a braided river.

Finally, to estimate the total discharge across the entire river channel, we calculate the geometric mean discharge (most probable discharge) for each thread, and then sum the individual discharges along a given transect. The discharge extracted from satellite images may not correspond to an instantaneous discharge. [START_REF] Inglis | Meanders and their bearing on river training[END_REF], [START_REF] Leopold | The hydraulic geometry of stream channels and some physiographic implications[END_REF], and [START_REF] Blench | Regime behaviour of canals and rivers[END_REF], for example, have shown that the geometry of an alluvial channel corresponds to a formative or "dominant" discharge. They have discussed how a limited range of flows are responsible for shaping its channel. At low-flow discharge, the water simply flows through the threads without affecting their geometry. Similarly, it has been argued that it is not the highest flows that contribute the most in shaping a river channel. Such high discharges are capable of transforming the channel, but they occur so infrequently that, on average, their morphological impact is small. According to [START_REF] Inglis | Meanders and their bearing on river training[END_REF], rivers approach their equilibrium geometry for a formative discharge that approximately corresponds to the bankfull discharge. [START_REF] Inglis | Meanders and their bearing on river training[END_REF] suggest that this dominant discharge lies between 1/2 and 2/3 of the maximum discharge. [START_REF] Blench | Regime behaviour of canals and rivers[END_REF] suggests that the formative discharge corresponds to the median discharge. [START_REF] Leopold | The hydraulic geometry of stream channels and some physiographic implications[END_REF] use the discharge that corresponds to a given frequency of occurrence and compare it to the hydraulic geometry of the river.

Based on their observations in the United States, they recommend to use the average annual discharge as a proxy for the formative discharge. Hereafter we use the definition of [START_REF] Leopold | The hydraulic geometry of stream channels and some physiographic implications[END_REF]. 

In-situ vs. image-derived discharge

Yearly average We compare the discharge estimated from satellite images to the discharge measured at a nearby gauging station. To do this, we first compare the average discharge estimated from Landsat images for different months to the yearly average measured at ground stations. We plot these discharges on a log-log scale (figure 7.9). The average discharge estimated from satellite images agrees an order of magnitude with the measured discharge.

Out of eight rivers, six are overestimated, whereas 3 rivers are underestimated. For most rivers, the difference between measured and estimated discharges are less than 50 %.

However, this difference is comparatively high for the Kosi (74 %) and Indus (65 %) rivers.

Interestingly, the estimated discharge for the Teesta (at Anderson station), Chenab (at Panjnad), and Ganges (at Paksay) rivers converge to their measured discharge with a small difference of 17 %, 14 %, and 4 % respectively (table 7.1). This difference could be correlated to the braiding index. The Kosi and the Brahmaputra rivers are highly braided and exhibit 5 -7 threads within the channel. In the Ganges (near Farakka station) and the Teesta rivers the number of threads varies between 2 and 4. Finally, the Indus, Chenab and Ganges (near Paksay) rivers exhibit 1 -2 threads. At present though, this relationship is not entirely clear. Despite a small number of threads the Indus river presents a difference between estimated and measured discharge of about 65 %. This difference could be related to the limited and old record (1973 -1979) of measured discharges.

River Station Q insitu Q sat. Q diff. Q diff. m 3 s -1 m 3 s -1 m 3 s -1 % Kosi

Monthly average

We now evaluate how the discharge estimated from satellite varies width time. We plot the monthly discharge estimated for all of our rivers to their corresponding monthly average discharge measured at the gauge stations (figure 7.10). As expected by [START_REF] Inglis | Meanders and their bearing on river training[END_REF]; [START_REF] Leopold | The hydraulic geometry of stream channels and some physiographic implications[END_REF] and [START_REF] Blench | Regime behaviour of canals and rivers[END_REF] we observe that the estimated discharges from images are nearly constant throughout the year, with only small fluctuations around their mean. This supports the hypothesis that the threads width extracted from satellite images corresponds to a formative discharge.

Discussion

Our remote sensing approach provides an order-of-magnitude estimate of the average annual discharge for the rivers of the Himalayan foreland, although the average annual discharge estimated from satellite images varies from 4 % to 74 % with respect to the measured discharge at the nearby gauging stations (figure 7.9).

Several reasons may explain the observed uncertainties and call for future work. First, following [START_REF] Leopold | The hydraulic geometry of stream channels and some physiographic implications[END_REF], we assumed that the average discharge was the formative discharge. This could be explored further by analysing the frequency distribution of discharges when the ground-stations record is sufficiently long. Our extracted discharge could then be compared to the 1.5, 2, or 5 years return discharge. Second, the record of measured discharge may in itself be a limitation. only for 6 and 7 years respectively. Similarly, the records for both Chenab and Indus rivers extend over 7 years only (1973 -1979). Finally, these measurements are old and, in addition to unknown measurement uncertainties, the hydrology of these rivers may have evolved since these records were established.

Third, submerged bars and islands do not appear on satellite images. This limits our ability to measure the width of a thread and leads to overestimates the width. This is particularly true for the channels of a highly braided river where submerged bars and islands exist at various scale. As we have shown in chapter 3, part 1 the presence of such flooded bars should be filtered to decompose large threads into smaller ones since our width-discharge rating curve corresponds to these threads. To check this hypothesis, we compare thread widths measured from satellite images to field measurements. Since we assume that the image-derived width includes submerged bars and islands, they should be comparable to those of raw measurements of a channel cross-section by ADCP (see chapter 3 for ADCP cross sections). We therefore compare the distribution of satellite-derived widths against field-measured thread widths from ADCP cross-sections (figure 7.11). A Student T-test performed on both samples confirms that, at the 95 % level of confidence, the mean values of thread widths estimated from the satellite images and measured with an ADCP are the same. This result supports our hypothesis that the width of a thread that is extracted from satellite images is equivalent to the total submerged width measured using an ADCP cross section.

We also check whether processing an ADCP cross-section to separate bar and channel areas significantly affects the sample distributions (figure 7.12). To do so we perform a Student T-test on samples of channel width calculated from raw and processed crosssections measured by an ADCP (after separating bars and islands), and find at the 95 % level of confidence that both samples have a different mean. Indeed, figure 7.12 clearly shows that the mean thread width decreases after bars and islands are filtered out from the cross-sections. This explain why thread widths extracted from the optical images often overestimate the widths of individual threads, and therefore the discharge. 

Downstream variation of discharge

Rivers gain water from tributaries, and exchange water with the surrounding groundwaters. Despite the above mentioned uncertainties, we wish to check whether our approach could be used to evaluate downstream variations of discharge along a river. To proceed, we select a sufficiently long reach (80 km) of the Kosi River. The reach extends from the the Kosi Barrage at Bhimnagar to the downstream end of the available Landsat image.

Using our procedure, we estimate the total discharge every two kilometers in the streamwise direction and plot these estimates as a function of the distance from the barrage (figure 7.13).

Despite the large variability of the measurements we observe a decreasing trend in the Kosi River discharge (≈ 20 %) from the upstream to the downstream locations. This decreasing trend is in agreement with field measurements performed in October 2013.

We measured the total discharge with an ADCP at the upstream and the downstream locations (figure 7.13) and observed a decrease in discharge of the Kosi River of the order of 10 %. Although more measurements are needed to support this estimate, it is in agreement with seepage observed on the Kosi levees that attest to infiltration of the Kosi water into its fan. 

Conclusion

We have explored the potential of satellite images to estimate the formative discharge of alluvial rivers. We have shown that the semi-empirical regime relation we esthablished from mesurements on a set of Himalayan rivers could be applied to estimate the discharge of any ungauged river on the Himalayan foreland, as this regime relation is independent of any specific river planform. It is especially useful for braided streams that are almost impossible to survey in the field.

This regime equation requires only one parameter to estimate discharge from width measurements (median grain-size). This parameter can be obtained easily from field measurements in the field. Based on our results, we can draw the following conclusions:

1. Satellite and drone can be used to obtain an order-of-magnitude estimate of the average discharge for any river in the Himalayan foreland.

2. The accuracy of the estimated discharge could be strongly improved with a better image resolution.

3. A procedure to split bars and threads from remote sensing images would probably significantly improve the agreement between estimated and ground-measured discharge.

4. The regime equation established for Himalayan rivers is based on a simple physical mechanism that explain the geometry of alluvial channels. We therefore suspect that the procedure we have established could be extended to most alluvial rivers.

Chapter 8

Conclusion and perspectives

The planform of alluvial rivers extend between two well-defined end members: braided and meandering. Although bed instabilities can explain the initiation of these patterns in a single-thread channel [START_REF] Parker | On the cause and characteristic scales of meandering and braiding in rivers[END_REF][START_REF] Fredsøe | Meandering and braiding of rivers[END_REF], few studies have compared the threads of fully-developed braided streams to single-thread channels. As a consequence, despite their common physical origin, braided and meandering rivers have often been treated separately. In this manuscript, we have made an attempt to compare the threads of meandering and braided streams. We have used hydraulic geometry measurements on various individual threads of braided and meandering rivers from the Ganga Plain. These measurements have revealed that the width and depth of individual thread of braided and meandering rivers share similar regime equations. To first order, the morphology of braided and meandering threads cannot be differentiated. Furthermore, we have shown that the threshold theory explains the value of the exponent of these relationships: both width and depth of the threads scale like the square root of the water discharge.

These findings suggest that the individual threads of braided and meandering rivers of the Ganga Plain are similar and that a fully-developed braided river can be viewed as a collection of individual threads. Furthermore, the regime equation suggests the natural detrending of the aspect ratio of braided and meandering threads. The aspect ratio is uncorrelated with the water discharge yet it is larger than the aspect ratio of threshold streams. Sediment flux, riparian vegetation or bank cohesion probably explain this observation [START_REF] Tal | Effects of vegetation on channel morphodynamics: results and insights from laboratory experiments[END_REF][START_REF] Métivier | Alluvial Landscape Evolution: What Do We Know About Metamorphosis of Gravel-Bed Meandering and Braided Streams?[END_REF]. Because riparian vegetation and sediment grain size do not vary much on the Ganga Plain, we suspect sediment flux could be the main cause of the observed dispersion of aspect ratios. This calls for detailed measurements of sediment flux in individual threads of braided and meandering rivers, together with their shape and flow discharge.

Moreover, the morphological similarities between the threads of braided and meandering rivers provide a mean to estimate their discharge from satellite images [START_REF] Smith | Estimation of discharge from braided glacial rivers using ERS 1 synthetic aperture radar: First results[END_REF][START_REF] Smith | Estimation of discharge from three braided rivers using synthetic aperture radar satellite imagery: Potential application to ungaged basins[END_REF][START_REF] Ashmore | Prediction of discharge from water surface width in a braided river with implications for at-a-station hydraulic geometry[END_REF][START_REF] Gleason | Toward global mapping of river discharge using satellite images and at-many-stations hydraulic geometry[END_REF]. We have developed an algorithm to extract automatically the width of individual threads from satellite images.

Using these extracted widths with a regime equation, we can estimate the characteristic discharge for each thread of a braided or meandering river.

We then applied this method to major rivers in the Himalayan foreland (Indus, Chenab, Ganges, Kosi, Teesta, and Brahmaputra). To first order, the measured discharges correspond to the annual average discharge. This first-order agreement, although encouraging, asks for further research to improve the agreement between measured and calculated dis- 
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  their bed in the sediments they carry. They are self-formed rivers and exhibit varieties of channel patterns that extend between two well-known end members:

  Figure 1.1: Braided (top) and meandering (bottom) pattern rivers in the Ganga Plain (source: Google Earth).

Figure 1 . 2 :

 12 Figure 1.2: Control into parameters for the transformation of meandering or straight river to braided rivers (source: Schumm (1985))

  Figure 1.3: Streamwise slope of braided and meandering rivers as a function of bankfull water discharge (source: Leopold et al. (1957)).

Figure 1 . 4 :

 14 Figure 1.4: Relation between slope sediment load (source: Schumm and Khan (1972))

  Figure 1.5: Relation between channels aspect ratio and percentage of silt and clay (source: Schumm (1960)).

  Figure 1.6: Bar instability

  Figure 1.7: Braided and meandering channel pattern with definitions

Figure 1 . 9 :

 19 Figure1.9: Illustrating the particle incipient motion along a river section under the action of gravity and fluid forces.

Figure 1

 1 Figure 1.10: Single-thread laboratory channel developed with constant water discharge and no sediment supply (source: Seizilles et al. (2013))

Figure 1 . 12 :

 112 Figure 1.12: Schematic of forces applied on the river bank sediment (source: Seizilles et al. (2013)).

  Figure 1.2 represents a meandering and a braided rivers at equilibrium (the input fluxes are equal to the output fluxes). If other parameter such as vegetation and sediment grain size are similar, is it possible to compare both river planforms ? More specifically, can we compare the morphologies (width, depth and slope) of individual threads of our braided river (at transect TB2 and TB3), to those of our meandering river (at transects TM1 and TM2) ?

  Figure 1.13: Sections on a reach of braided river.

Figure 2 . 1 :

 21 Figure 2.1: Schematic of Indo-Gangetic plain shown on top of the Google Earth image (after: Singh (1996)).

Figure 2

 2 Figure 2.2: (a) Map of the Ganga Plain (after Singh (1996)), (b) field photographs and corresponding Google Earth images, showing the bed incision of the Yamuna River (b1) near Kalipi, the Ganges River (b2) near Kanpur, and the Kosi River (b3) near Nirmali (for locations see figure 2.2 (a)).

  Catchment area and drainage networks for typical mountain-fed, foothillsfed and plain-fed rivers on the Ganga Plain (source: Google Earth).

Figure 2

 2 Figure 2.4: Yearly-averaged (2002-2014) hydrograph of the Kosi River (source: Investigation and Research Division, Kosi project, Birpur)

Figure 2

 2 Figure 2.5: Grain-size distribution of the Kosi River near the barrage and Kurshela at the downstream.

Figure 2 Figure 2

 22 Figure 2.6: (a) Landsat image of the Kosi fan showing the location of (b) a radial (North -South), and (c) transverse (East -West) topographic profiles. Data from the SRTM digital elevation model (source: Earth Explorer).

Figure 2 . 9 :

 29 Figure 2.9: The Kosi River (a) before and (b) after the August,18 2008 avulsion ((a) 05 November 2005 and (b) 13 November 2008). Images a1 and a2 show the pre-avulsion flow of the Kosi River. Images b1 and b2 show the flow of the Kosi river after the embankment breach (near Kusaha) and the maximum flow width on the fan respectively (source: Earth Explorer).

Figure 3 . 1 :

 31 Figure 3.1: Typical cross-sections from the Ganga Plain.

Figure 3

 3 Figure 3.2: Velocity profile in a channel of the Kosi River.

Figure 3

 3 Figure 3.3: (a) ADCP beams 4 and 3, configured in the vertical streamwise plane. β = 20 • and φ = 30 • are the beam tilt and the opening angle respectively. The radial velocity is measured at depth h. The associated correlation length is l c . (b) Schematic of ADCP beams, oriented with respect to the primary flow (Source: Chauvet et al. (2014)).

  Figure 3.4: Location of hydraulic measurement and sediment sampling sites on the Ganga Plain (source: Google Earth).

Figure 3

 3 Figure 3.5: The Kosi megafan (KMF) boundary shown on Landsat 8 satellite image (acquired on November 11, 2013). Red and blue points show the locations of crosssection measurements. Top and bottom left images show the pattern of braided and meandering channels at the same scale (source: Earth Explorer).

FlowFigure 3 . 6 :

 36 Figure 3.6: ADCP measurement across a braided river reach (N 26 • 38′ 24 " , E 80 • 16 ′ 12 " ).

FlowFigure 3 . 7 :

 37 Figure 3.7: Meandering river reach used to measure the flow velocity, depth and width using floats and wading rod (N 26 • 26′ 24 " , E 86 • 59 ′ 24 " ).

Figure 3 )

 3 Figure 3.8: ADCP-measured velocity profiles across braided channels of the Kosi River. The location of the reaches B1, B2, B3, are marked by blue stars with yellow boundaries on figure 3.5. Dotted vertical lines in the figures illustrate the division of a cross-section into different threads.

(

  code and carrier) emitted from nearby satellites at a known distance (figure 3.10). Knowing the distance from the GPS to each of the satellites enables to calculate the receiver position by triangulation. Four visible satellites are usually needed for such a calculation. The position obtained from a single GPS receiver has a limited precision though, because satellite-emitted signals experience random errors due to clock bias, atmospheric effects, multiple paths, satellite and receiver motions, etc. These errors affect the satellite signals, cause delays in travel time to the GPS receivers, and induce unknown uncertainties in the position.

Figure 3 .

 3 Figure 3.10: Structure of the GPS satellite signals. Carrier phase is composed of pure sinusoidal waves and the code signals are composed of a stream of binary digits (0, 1) (source: El-Rabbany (2002))

Figure 3 . 11 :

 311 Figure 3.11: Working principle of real time kinematic (RTK) GPS (after: Lee and Ge (2006))

Figure 3 Figure 3

 33 Figure 3.12: Longitudinal slope measured along different braided reaches of the Kosi River. The locations of the slope profiles S1, S3 and S4 are shown on figure 3.5.

Finer

  Figure 3.14: Illustration of a set of instruments used for sieve analysis (source: UIC).

Figure 3

 3 Figure3.15: Grain size distribution curves for various rivers (figure3.4) on the Ganga Plain. Area highlighted in grey colour, show the lower and upper limit of the grain sizes on the Ganga Plain. These sediment samples corresponds to the river bed.

Figure 3

 3 Figure3.16: Schematic of sinuosity calculations in braided and single channel river (after[START_REF] Sinha | River systems and their sediment flux, Indo-Gangetic plains, Northern Bihar, India[END_REF]).

Figure 4 . 1 :

 41 Figure 4.1: Sinuosity distribution for braided and meandering (isolated) channels of the Kosi fan.

  Figure 4.2 shows dimensionless width (W/d s ), flow depth (H/d s ) and slope (S) as a function of the dimensionless discharge Q * = Q/ gd 5 s (where d s and g = 9.81 ms -2 are the median grain size and the acceleration of gravity).

Figure 4 . 2 :

 42 Figure 4.2: Dimensionless width, depth and slope of the threads as functions of the dimensionless water discharge. Dashed lines empirical regime relationships obtained by RMA.

Figure 4 . 3 :

 43 Figure 4.3: Width, depth and slope as functions of the water discharge. The solid green line corresponds to the threshold theory. The prefactor of the solid grey line is fitted to the data points.

Figure 4 . 4 :

 44 Figure 4.4: Left: dimensionless width (W * ), depth (H * ) and slope (S * ) of the Kosi Fan threads as functions of the dimensionless water discharge (Q * ). Dashed blue and red lines indicate averages. Right: corresponding probability density functions.

Figure 4 . 5 :

 45 Figure 4.5: Aspect ratio (W/H) of the threads as a function of the dimensionless water discharge (Q * )

Figure 4 . 6 :

 46 Figure 4.6: Cross-sections of major western and eastern Ganga Plain rivers.

Figure 4 . 7 :

 47 Figure 4.7: Dimensionless width, depth and slope of the threads as functions of the dimensionless water discharge. Empirical regime relationships obtained by RMA are shown in dashed lines(table4.2). Squares and circles represents the threads from meandering and braided river respectively.

  Figure 4.8: Left: dimensionless width (W * ), depth (H * ) and slope (S * ) of the Ganga Plain threads as functions of the dimensionless water discharge (Q * ). Dashed blue and red lines indicate averages. Right: corresponding probability density functions.

Figure 5 . 1 :

 51 Figure 5.1: Water stage and discharge relationship in a river cross-section.

  In practice, discharge is measured at specific gauging stations installed at fixed locations along a river. Such gauging stations are calibrated to predict discharge as a function of change in water-level or stage (figure 5.1).The calibration of a specific gauging station is derived from repeated measurements of the water-surface elevation and the corresponding water discharge. These measurement are performed throughout the hydrologic cycle to ensure that the calibration is valid during all flow periods. These records of water-level elevation are then plotted as a function of discharge. Based on a regression analysis, a best fit curve is established that relates water-level to discharge (figure 5.2 b).

Figure 5

 5 Figure 5.2: (a.) Schematic of a measurement station (stilling well) used to monitor stream water stage. (b.) Example of stage-discharge rating curve typical for different stream gauging stations (source: Sanders (1998)).

Figure 5 . 3 :

 53 Figure 5.3: Evolution of the tracer concentration at the sampling station, for a constant injection rate. The steady state concentration C 2 coresponds to a plateau (source: Rantz et al. (1982)).

Figure 5 . 4 :

 54 Figure 5.4: The concentration-time curve observed of tracers at downstream sampling station for slug injection (source: Rantz et al. (1982)).

Figure 5

 5 Figure 5.5: (a) SAR image of the Tanana river showing the different reaches selected to calculate effective width, (b) Satellite-derived W e -Q plots for these three reaches (source: Smith et al. (1996))

  can predict the instantaneous discharge in Sunwapta river within accuracy of the order of 10 %. Similar analyses were more recently performed using other satellites. For example Smith and Pavelsky (2008) and Tarpanelli et al. (2013) used Moderate Resolution Imaging Spectrometers (MODIS) to study the Lena and the Po rivers, Pavelsky (2014) used high spatial resolution RapidEye (5 m) and Landsat (30 m) satellite images to study the Tanana River. Hirpa et al. (2013) used passive microwave images from Tropical Rainfall Measuring Mission (TRMM) and Advanced Microwave Scanning Radiometer for the Earth Observing System (AMSR-EOS) to study the Ganges and Brahmaputra rivers.

  [START_REF] Sun | Towards improving river discharge estimation in ungauged basins: calibration of rainfall-runoff models based on satellite observations of river flow width at basin outlet[END_REF] used Japan Earth Resource Satellite-1 (JERS-1) SAR images to measure the effective width of the Mekong River at the Pakse gauging station in Laos. They calibrated the image-derived width with the width simulated by a rainfall-runoff model. The authors suggested that discharge can be estimated in any ungauged river basin within an acceptable level of accuracy.[START_REF] Sun | Towards improving river discharge estimation in ungauged basins: calibration of rainfall-runoff models based on satellite observations of river flow width at basin outlet[END_REF] further indicated that the precision can be improved by calibrating the rainfall-runoff model with a hydraulic geometry relation. Accordingly, they developed a calibration function that minimises the difference between the image-derived width and the simulated width by tuning parameters of the rainfall-runoff model and hydraulic geometry relation simultaneously. The discharge in any ungauged river for which the rainfall-runoff model is calibrated can then be estimated based on its width only.[START_REF] Sun | Towards improving river discharge estimation in ungauged basins: calibration of rainfall-runoff models based on satellite observations of river flow width at basin outlet[END_REF] observed that, to the 90 % uncertainty level, a close agreement between the measured discharge of the Mekong River at Paske station and model estimate.

  .9) By definition, the point < Q > and < W > belongs to the regime equation. The correlation between the exponent b and the coefficient a seems to be what[START_REF] Gleason | Toward global mapping of river discharge using satellite images and at-many-stations hydraulic geometry[END_REF] observe in their data. Next, we plot the hydraulic calibration curve obtained from time series measurements of the Ganges River at Paksay station in Bengladesh together with our regime relation curve established from various instantaneous measurements along different rivers (figure 5.6). The time series fluctuate around the mean over the period of measurements. As expected, the calibration curve of time series passes through the average data point, which lies on the regime relationship. Furthermore, despite the site specificity of the hydraulic calibration curve, its average value falls close to the curve derived from the regime equation. This explains the inherent correlation between the exponent and coefficient of the hydraulic calibration derived from time-series hydraulic measurements.

Figure 5 . 6 :

 56 Figure 5.6: At station measurement of width and discharge from Landsat images. Blue points correspond to instantaneous measurements performed on different rivers and at different locations, red points correspond to time series at a single location (the Ganges at Paksay, Bengladesh).

Figure 6 . 1 :

 61 Figure 6.1: Average monthly discharge of rivers from the Indus-Ganga-Brahmaputra Plain.

Figure 6 . 2 :

 62 Figure 6.2: Location of in-situ discharge measurement stations. Subset satellite images (not in scale) are shown to illustrate the river planform at specific locations (source: Google Earth).

  Figure 6.3: Optimal threshold (T) determination from gray scale intensity histogram.

Figure 6 . 5 :

 65 Figure 6.4: Histogram showing the distribution of pixel gray level intensity values. The optimal threshold (T) value (marked with red line) is obtained from the iterative threshold selection algorithm.

Figure 6

 6 Figure 6.6: (a) River centerline (skeleton), (b) Disconnected skeleton segments less than 300 meter in length are shown in red (c) river contour (banks).

Figure 6 . 7 :

 67 Figure 6.7: River junctions (in red color) highlighted on the skeleton.

F l o w Figure 6 . 8 :

 w68 Figure 6.8: Estimation of the channel width at a point on the skeleton.

Figure 6 . 9 :

 69 Figure6.9: Estimation of the total discharge at a section across a braided river (source: Earth Explorer).

  figure 6.9. Across a section S1, the water flows through three individual threads (T 11 , T 12 and T 13 ).

Figures 7 .

 7 Figures 7.1 and 7.2 show the contours of individual threads, extracted using our algorithm, superimposed to the original gray-scale images used for the extraction. Contours and water boundaries seem to match closely.

Figure 7 . 1 :

 71 Figure 7.1: Threads contours (Kosi, Ganges and Brahmaputra) overlaid on the corresponding images (source: Landsat, US Geological Survey).

Figure 7 . 2 :

 72 Figure 7.2: Threads contours (Teesta, Chenab, Indus) overlaid on their raw gray scale images (source: Landsat, US Geological Survey).

Figure 7

 7 Figure 7.3: (a.) Transects extracted across different channels of the Kosi River. (b) Erroneous transects, (c) valid transects (image: 11 November 2013).

Figure 7 .Figure 7 . 4 :

 774 Figure 7.4 compares the widths extracted automatically and manually. Most of the data points cluster on the 1:1 line. This indicates that, for the vast majority of threads, the width computed from our automated procedure is almost equal to the width measured manually.

  Figure 7.5: Distribution of the error in the threads width extracted automatically. The corresponding normal distribution is obtained by removing the 10 % extreme values from the distribution.

Figure 7 . 6 :

 76 Figure 7.6: Left: thread widths extracted from an aerial image (UAV). Right: distribution of the thread widths extracted from the aerial image together with the width (red line) measured at the same location using an ADCP (location: N 26 • 36 ′ 12 " , E 80 • 16 ′ 12 " ).

  Figure 7.7 reports two examples from the Kosi River. The discharge histograms are derived from the width histograms of the regime relationship. The width histogram are skewed, and this skewness is amplified in the discharge histogram because of the non-linear relationship relating the two variables.

Figure 7 . 7 :

 77 Figure 7.7: Distribution of threads width and corresponding discharge within the reaches R1 and R2 of the Kosi River (image: 11 November 2013).

  Figure 7.8: Left: Distribution of the geometric mean width W m calculated for different reaches of the top image of figure 7.7. Right: histogram of the corresponding discharge.

Figure 7 . 9 :

 79 Figure 7.9: Satellite-derived river discharge against annual average discharge measured at a ground station. Error bars represent the standard deviation.

Figure 7 . 10 :

 710 Figure 7.10: Hydrograph of satellite derived river discharge against their monthly average discharge recorded at the gauging station.

  Figure 7.11: Histogram of the channel width calculated from satellite images and raw cross-sections measured in the field by an ADCP.

Figure 7

 7 Figure 7.12: Histogram of the channel width calculated from satellite images and raw cross-sections measured in the field by a ADCP.

Figure 7

 7 Figure 7.13: Downstream variation in the Kosi River discharge estimated from Landsat images. Squares in red are the locations of the ADCP measurements (October 2013).

  charges. A better image resolution and the detection of bars inside channels are two potential improvements. When possible we should also perform the comparison between our reconstructed discharges and other characteristic flows such as; 1.5, 2 or 5 year return flows. Finally, the regime equation established in this manuscript is based on instantaneous measurements in various braided and meandering rivers. These measurements were performed during the period when threads of the Ganga Plain rivers usually flow at their formative discharge (October-November). This regime relation therefore provides an estimate of the formative discharge, but it can not capture the temporal variation of a river's discharge. On the other hand, as this regime relation is established from the measurements in braided and meandering rivers, it can be used to estimate the discharge in a river of any planform.
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 2 

.1 reports typical values for the drainage area, the discharge and the sediment load of rivers from both parts of the Ganga Plain, and figure 2.2 shows typical examples of streams from both areas.
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 2 

1: Hydrological characteristics of WGP and EGP rivers (source: Sinha et al. (2005).)

  Table 4.2). The correlations of width and depth with Width: log 10 (W/d s ) = β w log 10 Q * + α w Depth: log 10 (H/d s ) = β h log 10 Q * + α h

	Thread type	Correlation β w	α w	σ βw	R 2
	Total population Meandering threads	RMA RMA	0.58 -0.55 0.04 0.52 0.13 0.06	0.77 0.8
	Braided threads	RMA	0.66 -1.42 0.06	0.69
	Thread type	Correlation β h	α h	σ β h	R 2
	Total Population	RMA	0.35 0.08	0.03	0.58
	Meandering threads Braided threads Aspect ratio: log 10 (W/H) = β w/h log 10 Q * + α w/h RMA 0.39 -0.19 0.04 RMA 0.36 -0.11 0.05 Thread type Correlation β w/h α w/h σ β w/h	0.8 0.44 R 2
	Total population Meandering	OLS OLS	0.2 Correlation is not significant 0.24 -0.77 0.13
	Braided	OLS	0.3 -1.41 0.22	0.19

Table 4 .

 4 1: Linear regressions on the log 10 of width, depth, and aspect ratios of threads as functions of discharge. The confidence level is 95 %. RMA: Reduced major axis regression, OLS: Ordinary least square. σ β stands for confidence interval on the slope of the regression β.

  All data points gather togetherWidth: log 10 (W/d s ) = β w log 10 Q * + α w Depth: log 10 (H/d s ) = β h log 10 Q * + α h

	Thread type	Correlation β w	α w	R 2
	Total population Meandering threads	RMA RMA	0.57 -0.46 0.84 0.53 0.01 0.90
	Braided threads	RMA	0.64 -1.15 0.78
	Thread type	Correlation β h	α h	R 2
	Total Population Meandering threads Braided threads Aspect ratio: log 10 (W/H) = β w/h log 10 Q * + α w/h RMA 0.41 -0.55 0.66 RMA 0.38 -0.13 0.78 RMA 0.37 -0.13 0.54 Thread type Correlation β w/h α w/h R 2
	Total population Meandering Braided	OLS OLS OLS	0.19 -0.24 0.18 0.16 -0.03 0.23 0.29 -1.27 0.25

Table 4 .

 4 2: Linear regressions on the log 10 of width, depth, and aspect ratios of threads as functions of discharge. The confidence level is 95 %. RMA: Reduced major axis regression, OLS: Ordinary least square.

  at the Farakka station in India through special request to the department of Earth Sciences, Indian Institute

	River	Station	Year	Lat. Lon. Country Source
	Brahmaputra Bahadurabad	1969 -1975 25.18 89.66 BLD a	RivDis
			1995 -2005		Univ. Dhaka
	Teesta	Kaunia	1969 -1975 25.70 89.50 BLD	RivDis
	Teesta	Anderson bridge 1965 -1971 26.33 88.87 IND b	RivDis
	Ganges	Paksay	1965 -1975 24.08 89.03 BLD	RivDis
			1996 -2005		Univ. Dhaka
	Ganges	Farakka	1949 -1973 24.83 87.92 IND	RivDis
			1978 -2007		IITK
	Kosi	Kosi barrage	2002 -2014 26.52 86.92 IND	R&D, Birpur
	Chenab	Panjnad	1973 -1979 29.35 71.3 PAK c	RivDis
	Indus	Kotri	1973 -1979 25.35 66.35 PAK	RivDis

a Bangladesh, b India, c Pakistan

Table 6 .

 6 1: Details of in-situ measurement of river discharges available for this study.

Table 6 .

 6 2: Spectral bands detail of landsat-TM and landsat-8 images.

Table 7 .

 7 1: Average annual discharge estimated from satellite images and corresponding gauging stations.

Based on analyses of the catchment,(Verma et al., 

2014) have recently argued that the Yamuna should be considered the trunk river. This view remains marginal

http://www.rivdis.sr.unh.edu/maps/

http://earthexplorer.usgs.gov/
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Part II

Remote sensing to estimate river discharge Appendix B

Codes

Here we document some of the scripts to process satellite images to extract river width.

All of our scripts are written in the Python programming language. For our purpose we used different python models such as NumPy, SciPy , matplotlib and opencv. ''' We now identify two points which will pass through the skeleton and through the point (i , j ).

B.1 satellite image processing

The idea is to use these two points to draw a perpendicular to the skeleton . ''' if ( checkColor ( pic [ i ][ j ] , rgbWHITE ) != 1): return 0 ,1 topcoly , topcolx = getPerpPoint ( pic ,i ,j ,+1)

botcoly , botcolx = getPerpPoint ( pic ,i ,j , -1)