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Abstract 

 

Erosional issues in the Brahmaputra River in the eastern Himalayas pose increasing pressure on 

the nearby societies and ecosystems. With a proceeding climate change and increasing 

anthropogenic disturbance, predictive models are needed to evaluate the effect on sediment 

transport. Especially in braided rivers, like the Brahmaputra, sediment transport processes imply 

high demands on numerical models. The objective is therefore to assess the sensitivity of sediment 

transport on changed river characteristics in the Brahmaputra River, in order to qualitatively 

evaluate future possible dynamics. Through the one-dimensional steady state model, HEC-RAS 

4.1, the braided river was simplified into a single straight channel to enable an extensive reach 

(700 km) to be modelled. Since little comparative data were at hand, a literature review gathered 

independent estimates of each parameter. Their natural variability was applied in the sensitivity 

analysis, and the model produced a suspended sediment load representing approximately 35% of 

observed data. The sensitivity analysis showed that the channel bathymetry form had a large 

impact on the model results, whereas the amount of lateral inflow (both surface and subsurface 

waters) to the main channel flow had a very small impact. Overall, the suspended sediment load 

were interpreted to be increasing from a future climate change, while further river regulation could 

counteract such elevation. Further studies are required concerning the river bathymetry in large 

scale modelling and to address transport of finer cohesive sediments. This methodology proposes 

a novel approach on how to analyze sediment transport at a large scale that could be used as a 

tool to interpret future possible changes and ultimately contribute to a better understanding of 

sediment transport modelling in the area.  
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1.  Introduction 
 

Sediment transport plays an important role in river systems by acting as an indicator of the 

erosional and depositional processes shaping the basin morphology (Dade & Friend, 1998; 

Church, 2006). Moreover, sediment within the streamflow carries essential nutrients to 

riverine ecosystems (MEA, 2005; Julien, 2010; Apitz, 2012). Climatic factors, primarily 

temperature and precipitation, are closely connected to the hydrological cycle, which in turn 

drives the sediment transport (Zhu, et al., 2008). Hence, ongoing climate change and 

increased anthropogenic activities can affect that natural state of sediment transport (Walling 

& Fang, 2003; Walling, 2006). A key example of human disturbance in the watershed is the 

construction of reservoirs; they lower the basin sediment yields and has already put an 

imprint on basin scale sediment fluxes (Lu & Siew, 2006; Meade & Moody, 2010). On the 

other hand, river embankments have shown increased erosional capacity of the streamflow 

(Koltun, et al., 1997; Mosselman, 2006), and land use changes (e.g. logging and mining) can 

also increase the basin sediment loads (Walling, 2006). The sensitivity of sediment transport 

to changed hydro-climatic and physical river characteristics is therefore an essential topic for 

investigation in gaining a better understanding of possible future dynamics.  

 

Previous studies concerning the impacts on sediment transport usually focus on its 

relationship with water discharge. For example, a common method for estimating sediment 

concentrations is to relate the sediment load to a streamflow by a rating curve (Horowits, 

2003). This is, however, often empirically correlated, and a lack of close relationship between 

the variables could indicate that the sediment regime is influenced by both the transport 

capacity of the river, and the prevailing sediment supply (Islam, et al., 1999). It has been 

shown that single hydrological high flow events can transport large amounts of sediment in 

a short time, and could have a large influence on the total sediment deposition (Pietron, et 

al., 2015). Similar effects can be seen in monsoonal climates, where high discharge 

fluctuations leave substantial alterations in deposition between pre-monsoon and post-

monsoon seasons (Roy & Sinha, 2014). Other factors, such as channel geometry and width, 

have more indirect influences on the sediment transport. For example, the longitudinal 

gradient can be correlated to the sediment load (Dade & Friend, 1998; Wang, et al., 2006), 

and the physical relationship between bankfull geometries to grain sizes has been established 

(Wilkerson & Parker, 2011). In streams of braided morphology, the sediment regime is 

closely interlinked to the in-channel hydrodynamics (Mueller & Pitlick, 2014; Yang, et al., 

2015). However, modelling sediment transport in braided rivers is complex and the irregular 

multi-channeled characteristics pose high demands on numerical calculations (Sambrook 

Smith, et al., 2006). To date, there appears to be no conventional method on how to model a 

braided river, and most studies, that also include the motion of sediment, are small scale 

flume experiments (Bertoldi, et al., 2009; Kasprak, et al., 2015). Models using artificial 

neural networks (ANN) to reflect the braided characteristics have been applied to shorter 

river reaches (Zhu, et al., 2008; Sarkar, et al., 2013), but the large scale perspectives in 

modelling still appear to be limited.   

 

The Brahmaputra River in the eastern Himalayas is a good example of a large scale braided 

river that carries enormous amounts of sediments. The estimated annual load amounts to 600 

Mt, which is among the highest sediment yields in the world (Islam, et al., 1999). Major 

environmental issues in the Brahmaputra River are severe bank erosion and flooding 

(Nakagawa, et al., 2013), as well as arsenic groundwater contamination from up-reach 

sediments (Li, et al., 2011). The Himalayan slopes within the basin have also been projected 

to hold the majority of India’s future hydropower production, and large scale power plants 

and reservoirs are planned along the course (NHPC Ltd, 2015). The transboundary setting 

between China, India and Bangladesh, has furthermore implied an obstacle in data sharing 

and full basin wide investigations. River data in India of the Brahmaputra are not freely open 

to the research community which could be the reason for the relatively few number of new 
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studies concerning sediment transport in the basin (e.g. Wasson (2003), Sarma (2005), 

Karmaker  et al. (2010) and Sarkar et al. (2013)). Since discharge measurements provide an 

important basis for testing hypothesis regarding various hydrological functions, recent 

studies have focused on extracting river data from satellite imagery instead (e.g., Jung et al. 

(2010), Papa et al. (2010), Woldemichael et al. (2010), Bhatt et al. (2013) and Mersel et al. 

(2013)). These methods bring an increasing potential but are not equal to actual in situ 

measurements. In the Brahamputra Basin, there is consequently a lack of predictive studies 

on future  sediment regimes. 

 

The objective of this study was to analyze the sensitivity of sediment transport to altered river 

characteristics in the Brahmaputra River, addressing the braided morphology at a larger scale. 

The dynamic one-dimensional model, HEC-RAS 4.1, was found suitable for this task. To 

model an extensive reach (700 km) of the river, the braided channels had to be reduced into 

a single stream. Also, the large spatial scale meant that the river characteristics had to be 

averaged into spatiotemporally homogeneous values. To attend to the variability of the 

system, a sensitivity analysis was carried out, including the parameters: channel bathymetry 

form, total river width, Manning’s roughness coefficient, discharge, water temperature, 

erodible depth and finally sediment sample grain size distribution. Future changes in these 

parameters could affect the sediment transport in similar ways as the present natural 

variability, and possible dynamics could be assessed from the sensitivity analysis results. 

This approach is a preliminary attempt to address the lack of predictive modelling on 

sediment transport in the Brahmaputra River. Assessing the variability of sediment transport 

at a larger spatial scale could give a better understanding of erosional issues and possible 

climatological and anthropological changes in the river system. 

 

 

2. Sediment Transport Modelling 
 

2.1. Braided rivers and in-channel processes 
 

To better understand the parameterization process, some fundamental concepts and 

definitions on sediment transport will be covered briefly (for further details, see Bridge 

(2002)). The Brahmaputra is a braided river which is a pattern defined as flow paths 

constantly changing around smaller unstable or semi-permanent alluvial bars and islands 

(Miall, 1977). At low discharge levels the river is flowing in several smaller braided channels, 

while at high discharge levels it submerges most of the bars and islands and is transformed 

into a few larger channels (Sarma, 2005). The number and size of the braided channels are 

therefore varying, with the exception for more stable node points where the riverbanks are 

made up by more consolidated material. To compensate for a changing width and still 

transport the same discharge, the scour depth is affected. When distributing the flow over 

several channels in a braided system, the wetted cross-sectional area of the combined 

channels should be equal to that of the nodal point (Coleman, 1969). Braided rivers have 

evolved from a combination of a relatively steep slope and an overabundance of sediment 

load (Miall, 1977; Sarma, 2005). In contrast to a meandering river, a braided river has a lower 

sinuosity and does not scour on one bank and deposit on the other, it may affect both banks 

equally (Coleman, 1969). Depositional processes can be summarized as various bed 

formations such as bars and dunes, and sedimentation in overbank areas during floods (Miall, 

1977). Sediment transport within the channel is commonly divided into groups. Bed load is 

characterized by grains commonly larger than 0.1 mm that moves along the bottom of the 

channel by rolling, sliding and saltation (Bridge, 2002). Suspended load is of smaller grain 

sizes that can be sustained by the flow without settling (Einstein, et al., 1940).  

 

The mobility of coarse non-cohesive grains, like sand and gravel, depends on the threshold 

of entrainment (i.e. the incorporation into the flow), and is also referred to as the 
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dimensionless bed shear stress (Bridge, 2002). The bed shear stress, and thus bed scouring, 

varies depending on factors such as bed slope, grain size and degree of immersion in sublayer. 

Due to this critical threshold, some grains are picked up and due to different settling velocities 

of the grain sizes, a sorting process is evolving. Thus, when bed erosion occurs, the finer 

grains on top are carried away first, while other potentially mobile fine particles may be 

trapped by coarser grains creating an armor effect (Bridge, 2002). This leads to less material 

transported while the bed surface becomes rougher. Finer cohesive particles, like silt and 

clay, depend on bed processes such as electrochemical forces (USACE, 2010b) and are 

transported as composite particle aggregations (Bungartz & Wanner, 2004). Erosion of 

cohesive sediments is then govern by the sediment’s mineral composition, organic content, 

biological processes, composition of pore water and the eroding fluid (Mitchener & Torfs, 

1996), to name some of the factors that are very different from non-cohesive sediment 

transport. A mixed bed sample of both sand and finer particles was found to have a higher 

critical shear stress threshold than just sand alone (Mitchener & Torfs, 1996). That means 

that less material can be transported in a mixed sample compared to a sample of just non-

cohesive grains. 

 

 

2.2. HEC-RAS Model Description 
 

The U.S. Army Corps of Engineers (USACE) are the developers of the modelling software, 

HEC-RAS 4.1 (Hydrologic Engineering Center River Analysis System). The program is free 

of charge and has an easy graphical user interface that enables a quick survey of the model 

component without entering the source code. HEC-RAS has the ability to model one-

dimensional steady flow and unsteady flow simulations, sediment transport computations 

and water quality analyses. A thorough model description is provided by USACE in their 

User’s Manual (2010a) and Hydraulic Reference (2010b), and the following section will only 

cover the basics. The program enables the user to combine a georeferenced geometry mesh 

with hydrologic and sediment data. The river floodplain and channel bathymetry can be 

extracted from an elevation model in the form of profile cross sections drawn perpendicular 

to the river course. The cross sections could then be imported to HEC-RAS to give the 

elevation, angels and slopes of the river (i.e. the geometry). For a steady flow calculation, 

water stages for each cross section can be generated by an iterative procedure of solving the 

energy head equation (see USACE, 2010b, pp. 2-2) together with the Manning’s flow 

velocity equation (see USACE, 2010b, pp. 2-4). If the program cannot balance the energy 

equation (e.g. due to a rapid change in slope), the cross section will automatically be assigned 

a critical depth. The critical depth is the water stage for that cross section that has the minimal 

specific energy head as possible. Flows passing through cross sections with critical depth 

will instead be calculated with the momentum equation (see USACE, 2010b, pp. 2-19). Since 

it is a one-dimensional model, the steady flow program assumes that the energy head is 

constant over the cross section, and velocity components in other directions than the flow are 

not included. In sediment transport modelling the hydraulics are represented by a quasi-

unsteady flow. That is an approximation of a continuous flow hydrograph from a series of 

discrete steady flows (USACE, 2010b). These flows are divided into different time steps; the 

flow duration and the computational increment. The flow duration is the time for which the 

flow is constant, and the computation increment is a further subdivision to set the interval of 

how often the model updates the bed elevation. Within the limit of each computation time 

increment, the changes in bed geometry (e.g. from erosion or deposition) were assumed to 

be too small to alter the general hydrodynamics (USACE, 2010a).  

 

Connected to the steady flow data is the external flow boundary conditions that can be 

defined for the inlet and outlet cross sections of the modelled reach. The boundary conditions 

establish the initial water surface and the user can choose from different pre-defined methods. 

To perform a sediment transport analysis, HEC-RAS uses the sediment continuity equation 

(also called the Exner equation, see USACE, 2010b, pp. 13-3) to route the sediment from one 
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cross section to the next. The entrainment of particles is depending on the bed shear stress 

(see USACE, 2010b, pp. 12-28). Each cross section is made up of a sediment control volume 

that extends half way upstream and halfway downstream from the cross section. The 

transport capacity is calculated for each control volume and is compared to the available 

sediment supply. In general terms, when the supply of sediment is greater than the transport 

capacity, deposition occurs as a vertical change of the bed elevation. If the supply is smaller 

than the transport capacity, erosion occurs in the same manner. Sediment boundary 

conditions are also applied in the same manner as with the flow boundary conditions, and 

specifies the amount of sediment that is flowing into as well as exiting the system. 

 

Grain size distributions from bed samples can be added to each cross section. Sediment 

transport is then calculated for each size division separately before added together to a total 

transported load. The amount of transported material for specific hydraulic conditions can be 

solved in many ways, and the user can choose from established transport functions. Most of 

the functions were developed for sand or coarser particles, and only a few treat finer particles. 

Using standard supply-driven transport equations for finer cohesive sediments would force 

the model to extrapolate outside the derived range of the function. The finer fractions would 

then represent an almost unlimited source that only requires a small flow increase to be 

entrained (USACE, 2010b). Bed erosion of finer particles would have to use other transport 

functions to account for the cohesive characteristics. HEC-RAS offers transport functions for 

cohesive transport where the user can define the erosional and depositional shear stress 

thresholds. Algorithms for bed sorting and armoring algorithms, as well as sediment fall 

velocity, can be chosen by the user. The sorting method decides how specific grain fractions 

are eroded and the fall velocity determines whether a particle will be held in suspension or 

be deposited.  

 

 

3. Materials and Method 
 
3.1.  Study site 

 

The Brahmaputra River originates from the Chema Yundung glacier in the Tibetian plateau 

(Sarma, 2005) and runs on the northern side of the Himalaya Mountains before it enters India 

in the east (Figure 1). This headwater section of the river lies at a high altitude of more than 

3000 m.a.s.l. (USGS, 2014). In India the elevation drops drastically and the floodplain valley 

lies at 80 m.a.s.l. by Dihing. Passing through the agricultural landscape in India it later enters 

Bangladesh at approximately 20 m.a.s.l. as the mean river stage. Further south the 

Brahmaputra River joins with the Ganges and Meghna Rivers before draining in the Bengal 

Delta. The drainage basin of solely the Brahmaputra River covers approximately 640 000 

km2 (Singh, 2004). The southern part of the basin has a sub-tropical climate conformed by 

the south east Asiatic monsoon led by south west trade winds (Singh, 2004). In entering the 

valley from the south the Himalayan mountain range induces large scale orographic rainfall 

over the Brahmaputra floodplain. In India the basin receives on average 2600 mm yr-1 in 

annual precipitation (Figure 2), where most of it falls in the northwest and central parts 

(Rajeevan, et al., 2006). The monsoon brings more than 65% of the annual precipitation 

between June and September (Rajeevan, et al., 2006) and is the dominant contributor to the 

Brahmaputra streamflow apart from glacier meltwater (Immerzeel, 2008). Average annual 

discharge is approximately 24 000 m3 s-1 at Bahadurabad, and the average discharge in July 

is more than ten times higher than the flow in February (GRDC, 1995). Average annual 

temperature at Pandu is 23oC (Singh, 2004; Figure 2).  

 

The valley of the Brahmaputra River prevails in Quaternary fluvial deposits that are 

approximately 200-300 m deep (Goswami, 1985), which overlay Precambrian granite 

(Geological Survey of India, 2009). The valley has experienced uplift and subsidence in 
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different areas and holds several thrusts and faults of NE-SW direction (Geological Survey 

of India, 2009). The last major earthquake in the area occurred in 1950 and it affected the 

morpho-dynamics of the area leading to extensive landslides, subsidence and change of river 

courses (Goswami, 1985; Lahiri & Sinha, 2012) as well as changed sediment grain fractions 

(Sarma, 2005). These tectonic influences have contributed to an uneven longitudal profile of 

the river, resulting in zones of sediment aggradation and degradation (Lahiri & Sinha, 2012). 

Average annual sediment transport at Bahadurabad was measured to 608 Mt by Coleman 

(1969). Analysis of long term observations shows an increase in suspended sediment in the 

 

Figure 1. Map of the Brahmaputra River basin. The study area stretches from Bahadurabad 

(Bangladesh) to Dihing (India) in southeast Asia.   

 

Figure 2. Average monthly precipitation and temperature for Pandu station. 

 

0

5

10

15

20

25

30

0

100

200

300

400

500

600

J F M A M J J A S O N D

T
em

p
er

at
u
re

 o
C

P
re

ci
p

it
at

io
n
 (

m
m

)

Precipitation Temperature



 S. Fischer 2015  

6 

 

1970s (Goswami, 1985; Sarma, 2005) followed by a decrease in the 1980-90s (Islam, et al., 

1999). The average denudation rate for both Ganges and Brahmaputra Basins together is 

0.365 mm yr-1, which is approximately ten times higher than the global average (Islam, et al., 

1999). The possible reasons for this are the steep relief in the upper reaches, location in a 

seismic active area, lithology, large basin area and high runoff. Islam et al. (1999) found, that 

of the total load from both the Ganges and Brahmaputra Rivers, approximately 51% would 

reach the sea and the remaining load would be accumulate within the floodplain. Of that 

remaining load, 21% is deposited in the river bed and represents an aggradation of 

approximately 3.9 cm yr-1 (Islam, et al., 1999).  

 

 

3.2.  Analysis procedure 
 

In order to use the model to analyze suspended sediment transport, the schedule in Figure 3 

was followed. The input data to the model was prepared in three blocks: Geometry, 

Hydrology and Sediment, and each block is elaborated in the next sections. To overcome the 

lack of primary data, most of the input data were gathered through a literature review on 

independent estimates of each parameter. The investigated river characteristics were: channel 

bathymetry form, total river width, Manning’s roughness coefficient, discharge, water 

temperature, erodible depth and sediment grain size distribution. The estimated input values 

were chosen from how well they matched both temporally and spatially with the discharge 

data (here called the independent estimate). All the independent estimates supported a 

parameter configuration called the Base Mode. However, before a final Base Mode 

configuration could be settled, the representation of the braided river in the model had to be 

evaluated. This description was vital for the whole modeling analysis, and alternative 

representations were tested. This is covered in the following Geometry section. Once the 

braid representation was satisfactory (Output 1 in Figure 3), the model could produce a result 

of monthly suspended sediment loads that was comparable to observed data. Since the 

observed data were measured at Bahadurabad, the model results were correspondingly drawn 

from the cross section representing that location. The relationship between the modelled 

loads and the observed loads could then be used to evaluate the performance of the Base 

Mode (Output 2 in Figure 3). The robustness of the comparison could be showed by the 

monthly coefficient of variation of the suspended loads. The monthly proportion (pm) of the 

modelled loads (Mod) to the observed loads (Obs; Equation 1) was used in the derivation of 

the monthly coefficient of variation.  

 

The next step was conducting the sensitivity analysis. The independent estimate of each 

parameter had a natural spatiotemporal variability. The maximum and minimum values (here 

called the tested ranges) of that parameter were taken from the literature review. The Base 

Mode settings were then altered one parameter at a time. The resulting suspended sediment 

load was compared to the Base Mode initial load. However, due to compatibility issues, the 

sensitivity analysis was run for two different Base Mode configurations. This only involved 

the parameter of channel bathymetry, and it was tested both for the original Base Mode 

configuration and an alternative configuration, called the Base Mode - Rubey. Reasons and 

details on the Base Mode - Rubey are outlined in the following Sediment section. In this way 

the relative changes of suspended load could be examined in order to identify the key 

parameters that were affecting suspended load transport (Output 3 in Figure 3). 

 

 

 

 

𝑀𝑜𝑑

𝑂𝑏𝑠
= 𝑝𝑚 

 

(1) 
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3.2.1. Geometry input data 
  

The spatial data building up the cross sections were extracted from a digital elevation model. 

That model was obtained from the U.S. Geological Survey archive of satellite images (2014) 

taken with the Shuttle Radar Topography Mission (SRTM). The images used in this study 

was taken in February 2000 with a spatial resolution of 3 arc-seconds, and was pre-processed 

(cells of missing data were filled out through interpolation; USGS, 2012). The elevation 

model was re-projected in the software ArcGIS to WGS Zone 46N to better represent the 

region. The USACE provides an ArcGIS extension, HEC-GeoRAS, which is a useful toolbox 

for preparing geometric data before it is modelled in HEC-RAS. To extract the longitudal 

profile of the river, a main stream centerline had to be outlined. To find the most 

representative channel of the braided stream, the Flow Accumulation tool was used to locate 

the river thalweg (deepest part of the river bed). However, since the elevation model came 

from satellite images, only the river water surface could be obtained. No bathymetry maps 

were openly available for the area. Thus, the deepest part of the river bed was here actually 

the lowest lying water stage of the braided channels. This height difference between the water 

surface and bed was assumed to be uniform for the whole river. Since only the change in 

 

Figure 3. Analysis overview schedule. 
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elevation between two cross sections was of interest, this difference was neglected. The 

representativeness of the river course of the chosen elevation model was also compared to 

LANDSAT imagery (USGS, 2000). 

 

Once the river centerline was defined, perpendicular cross sections were drawn along the 

river course. After the geometry data were imported to HEC-RAS, the river was divided up 

into three reaches as showed in Figure 4. The upstream reach starts at the inflow of the Dihing 

tributary and continues down to the Pandu station. The middle reach extends from Pandu to 

the Bahadurabad station, and the final reach lies between Bahadurabad to Sirajganj city 

(approximately 75 km north of the Ganges River confluence). Since the model requires 

stretches to stabilize both the input and outlet boundary conditions, the reaches upstream 

(Dihing-Pandu) and downstream (Bahadurabad-Sirajganj) were used as adjustment reaches 

for the model. Results were therefore only drawn from the focus middle reach (Pandu-

Bahadurabad) where cross sections were placed with a smaller spacing. The total reach of 

the river stretches approximately 700 km, and more than the initially extracted cross sections 

were needed. That was to provide an even gradation of the slope for the calculations. To save 

processing time, the original cross sections were extrapolated into a total of 56 cross sections 

through a HEC-RAS tool. That was the smallest number of cross sections that could be used 

and still produce stable model runs. The average distance was 13.5 km between each cross 

section.  

 

Considering the braided features of the Brahmaputra River in such an extensive reach, it was 

not feasible to mimic each flow split and channel confluence in the model. Bars and flow 

paths are in constant change, and a steady state model would not capture the real variability. 

To represent the braided morphology in the model, a simplified approach was used. From the 

law of conservation of mass, the total river sediment load (STotal) at a cross section would be 

the sum of the loads of all the braided sub-channels (SChannel), as in Equation 2: 

 

𝑆𝑇𝑜𝑡𝑎𝑙 = ∑ 𝑆𝐶ℎ𝑎𝑛𝑛𝑒𝑙
𝑛

 

 

(2) 

 

Figure 4. River reach setup in HEC-RAS, divided into a focus reach and adjustment reaches. The 

focus reach is about 300 km and the upstream adjustment reach is 360 km. 
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If modelling only one of the braided channels, that load could be multiplied by the total 

number of channels in that cross section to obtain the total river transport. This multiplication 

assumed that all channels would have identical cross sectional areas. An estimate of the total 

river load, STotal, was gained from modelling the river as a large single channel. The width of 

that large channel represented all the braids and between lying islands together, and was 

taken from the literature review. High flows normally flood and submerges the bars between 

the channels, and by using the full river width such flows could be modelled and still keep 

all the water below the banks. An estimate of the braided sub-channel load, SChannel, was 

gained from modelling a smaller single channel, representing only one of the braided 

channels. Assuming a river cross section of four sub-channels implied that the width and 

input discharge were a fourth of the total river width (W) and discharge (Q; Figure 5). The 

modelled load from that smaller sub-channel could then be multiplied by four to get the total 

river suspended load. A cross section assuming 10 sub-channels was also tested in an 

equivalent setup (Table 1). 

 

From this analysis the scale dependency could be investigated, i.e. if the number of braided 

sub-channels affected the total river load. If the total loads of a river with four or 10 channels 

were equivalent to the load of a river with a single large channel, the model setup would be 

scale independent. It would then not matter if the river was modelled as a smaller braids or 

as one large channel. Representing the Brahmaputra River by only a single large channel 

would reduce the complexity of the modelling process and better suit the extensive reach of 

the study area.  

 

Table 1. Modelling schedule for the braid channel representation. For example, a river composed 

of four sub-channels, with each channel having 25% of the total river width and 25% of total river 

discharge, yields 25% of total river suspended load. Total river load (100%) is gained by 

multiplying the number of channels (4) to the sub-channel suspended load (25%). 

INPUT  OUTPUT 

Nr. of 

assumed 

channels 

 

 

𝑛 

Channel 

width 
 

(% of total 

width) 

 

 𝑊 𝑛⁄  

Channel  

water discharge 
 

(% of total 

discharge) 
 

𝑄
𝑛⁄  

 Sub-channel  

suspended load  
 

(% of total  

suspended load) 

 

 𝑆𝐶ℎ𝑎𝑛𝑛𝑒𝑙  

Total river suspended load 
 

 

 

 

(SChannel * n = STotal) 

 
 𝑆𝑇𝑜𝑡𝑎𝑙  

10 10  10   10   10% * 10 channels = 100%  

4 25   25    25      25% * 4 channels = 100%  

1 100  100   100     100% * 1 channel = 100%  

 

 

 

 

 

Figure 5. Conceptual outline in modelling a multi-channeled river. For example, if assuming a 

river of four sub-channels, one of the channels would have a fourth of the width and the discharge 

of the total river. The sub-channel will subsequently yield a fourth of the total river suspended load.  

 

 

 

 

W River total width (m) 

Q Total river discharge (m3 s-1) 

n  Nr. of channels 

SChannel Sub-channel suspended load 

(Mt yr-1) 

STotal  Total river suspended load 

(Mt yr-1) 
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Since the model calculations take place inside the channel, an overestimated height was used 

to keep all the water within the riverbanks. To avoid overbank flow, the bank height was set 

to 20 m for all the cross sections and was not aiming to reflect real bank heights. Furthermore, 

to reduce the heterogeneity and complexity in the channel bathymetry as much as possible, 

all the elevation coordinates in each cross section were changed into a uniform rectangular 

shape (Figure 6). Sensitivity of suspended loads to bed geometry was tested, and this 

rectangular bed form figured as the independent estimate in the Base Mode configuration.  

An alternative bed form tested in the sensitivity analysis was a v-shaped geometry. To 

maintain the same cross sectional area and channel width as the rectangular shape, the depth 

was doubled for the V-shaped form. Last, to account for in-channel frictional obstacles, 

Manning’s roughness coefficient was defined for each cross section. Through earlier research 

an independent estimate was found and applied uniformly to all cross sections, with the same 

value for the channel as for the banks.  
 

 

3.2.2. Hydrology input data 
 

After the channel geometry configuration was in place, the hydraulic settings were applied 

to the model. Streamflow data was provided by the Global Runoff Data Centre (GRDC, 

1995) with six years of daily discharge (1986-1991) from the Bahadurabad station. That was 

the only easily available and reliable source of daily data within the region. A weekly moving 

average was applied to the six-year data to even out extreme events. With a mean velocity of 

1.5 m s-1 (Singh, 2004) for a distance of 700 km, it would take approximately five days to 

pass the whole reach. A seven-day moving average would then provide all cross sections, 

every day, with a weekly mean that represented the whole reach. The dataset was then 

averaged into one year of daily mean streamflow. The natural temporal variation within the 

six-year dataset could be represented by the coefficient of variation. That index then 

represented the tested range of the discharge data in the sensitivity analysis. Since the 

streamflow data still were applied in daily discharges, the flow duration was set to 24 hrs. To 

decide on a computational increment, the speed of bed geometry changes between two cross 

sections had to be estimated. The average distance between the cross sections was 13.5 km, 

which was far too long for a bed form movement in one day (e.g. Coleman (1969) estimated 

large sand waves to move only 300-460 m day-1). Since the cross sections were spaced far 

apart, a computational increment of 24 hours would therefore be adequate.  

 

Further, the downstream boundary condition for the outlet of the study area (the last cross 

section at Sirajganj City) required the option of the normal depth. That boundary condition 

 

Figure 6. Example of a rectangular cross section. Notice the scale difference in width (103 m) and 

height (m). 
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was based on an average slope for that cross section, and an estimate of 7.4 cm km-1 was 

taken from Woldemichael et al. (2010). The normal depth was not an optimal choice of 

boundary condition; it computed a water depth for each discharge value that was independent 

of the channel elevation (USACE, 2010a). To avoid the results to be affected by this 

boundary condition, extra cross sections were drawn downstream of Bahadurabad (Figure 4). 

At the most upstream cross section (model inlet), the boundary condition of a flow series was 

utilized, and a series of flows were defined at certain time intervals. The issue, though, was 

that an upstream discharge had to be set as a model input, while the only data available 

originated from Bahadurabad, 700 km downstream. If using the data from Bahadurabad as 

the model input discharge, the upstream flow would be overestimated. Along the course 

between Dihing and Bahadurabad there are 28 larger inflowing tributaries and few of them 

have measured datasets (Singh, 2004). The lateral inflow from surface and subsurface water 

throughout the reach was therefore unknown. If an estimate of the amount of lateral inflow 

could be found, the up-reach main stream discharge of Dihing could be derived from the 

downstream Bahadurabad flow. With complimentary discharge data from Dai et al. (2009) 

on the Pandu station, a relationship between the Bahadurabad and Pandu stations could be 

established. If assuming the inflow rate between Bahadurabad and Pandu was representative 

for the whole modelling reach, then that rate could be extrapolated upstream. For the two 

stations’ datasets, only six years of data were measured during the same period. The average 

annual discharges from those six years for each station were then used in the calculations. 

The difference in the annual discharges (QB, QP) represented the in-between lateral inflow, 

and normalized over the distance between the stations (dBP) gave the average inflow rate 

(Equation 3; Figure 7). Multiplying the rate with the total distance between Bahadurabad and 

Dihing (dBD) derived the total lateral inflow. If the lateral flow were subtracted from the 

downstream Bahadurabad flow, the Dihing flow (QD) could now be estimated. 

  

𝑄𝐷 = 𝑄𝐵 −
𝑑𝐵𝐷(𝑄𝐵 − 𝑄𝑃)

𝑑𝐵𝑃
 

 

(3) 

 

This derived main river flow at Dihing was then used as the input boundary condition. The 

remaining lateral inflow could be distributed along the whole reach through a HEC-RAS tool 

called Uniform Lateral Flow. The tool distributed the assigned lateral discharge evenly 

throughout all the cross sections down to Bahadurabad to simulate a gradually increasing 

flow. As previously outlined, the lateral inflow rate was derived through a difference in 

annual discharges. The natural variability within those six years could be represented by their 

 

 

Figure 7. Conceptual reach for the derivation of the main channel inflow at Dihing with definitions 

of Equation 3. By extrapolation of the lateral inflow rate between Bahadurabad and Pandu over 

the whole reach, the total lateral inflow could be gained. Subtracting that total lateral inflow from 

the flow at Bahadurabad would then give an estimate of the main channel flow at Dihing.  

 

 

 

 

QD  Estimated average annual discharge at Dihing (km3 yr-1) from the 

Bahadurabad flow  

QB. Measured average annual discharge at Bahadurabad station (km3 yr-1) 

QP Measured average annual discharge at Pandu station (km3 yr-1)  

dBP  Distance between Bahadurabad and Pandu (km) 

dBD Distance between Bahadurabad and Dihing (km) 



 S. Fischer 2015  

12 

 

annual coefficient of variation. The sensitivity analysis then tested what impact such variation 

in flow distribution could have on suspended load. Together with the discharge data, a 

corresponding water temperature was also applied. A monthly temperature dataset found 

through the literature review was used in the Base Mode configuration, and again, the 

coefficient of variation of the dataset provided the tested sensitivity range. 

 

 

 

3.2.3. Sediment input data 
 

The literature review also included a survey on studies that performed field measurements 

on bed samples in the Brahmaputra River. An independent estimate used for all the cross 

sections was then compiled from several samples to match the time frame of the discharge 

data, as well as the modelling reach location. The upstream boundary condition sets the 

amount of incoming sediment transported with the flow and was here chosen to be defined 

by the Equilibrium Load. This boundary condition set sediment inflow load equal to the 

transport capacity of each grain size, and by that avoiding aggradation or degradation at this 

first cross section (USACE, 2010a). Literature on bed scour was also used to set the 

maximum erodible depth as a uniform value for all the cross sections. 

 

The sediment transport function was set to the pre-defined Toffaleti option since it was 

developed for large scale sand rivers with a large amount of suspended load (USACE, 

2010b). The applicability of the transport function had also been confirmed by Molinas and 

Wu (2001) for the Amazon and Mississippi Rivers. The Toffaleti function divided the water 

column into four horizontal zones where transport was calculated within each zone separately 

before summed to a total transport (see USACE, 2010b, pp. 12-43). From flume and field 

data the function was successfully applied to sand particles of median size (d50) of 0.095 to 

0.93 mm (USACE, 2010b). Concerning the sorting method, Exner 5 is the default function 

as it accounts for a cover layer that is necessary for the armoring effect. The recommended 

option for the fall velocity function was to use Report 12, which also was the used method 

when HEC-RAS was developed (USACE, 2010b; USACE, 2013). An alternative simpler fall 

velocity function, the Rubey method, was also considered. The Rubey function based the 

calculations on an analytical relationship between the fluid, sediment properties and fall 

velocity. Report 12, on the other hand, was using the Rubey solution in an iterative process 

and also accounted for the grain shape factor (USACE, 2010b, pp. 13-9). The method of 

Report 12 was thus used in the Base Mode configuration and the Rubey function was tested 

as an alternative option in the sensitivity analysis.  

 

Due to compatibility issues with the v-shaped channel bathymetry and the original Base 

Mode configuration, an alternative base mode configuration had to be created for the 

sensitivity analysis. In the alternative base mode, the fall velocity method of Report 12 was 

exchanged into the Rubey function instead (Table 2). In the Base Mode - Rubey, all settings 

were held equal to the Base Mode except the change of fall velocity method.  

 

Table 2. Alternative parameter configurations used in the sensitivity analysis. 

 

Parameter configuration 
 

Tested parameters 
 

 

Fall velocity method 

Base Mode  All Report 12 

Base Mode - Rubey V-shaped bathymetry Rubey 
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4. Results 
 

4.1.  Braided channel representation  
 

How the braided river could be represented in the model was investigated through modelling 

a smaller channel representing one of the sub-channels, and modelling a large channel 

representing the total river. The analysis showed no larger deviations in annual suspended 

load between the channel representations. Table 3 shows the results from modelling a river 

of 10 channels, four channels and of a single large channel. The suspended sediment load of 

a single channeled river represented 100% of the total river load. The multi-channeled river 

representations produced a total river load that was slightly smaller (1%) than that 100% 

single-channeled river load. Since that deviation was small, the following modelling process 

was run with a wide single channel representing the full scale of the river.  

 

4.2. Base Mode evaluation 
 

The literature review of the independent estimates resulted in a Base Mode configuration 

presented in Table 4. Details from the literature review on the independent estimates are 

outlined in Appendix.  

Table 3. Braided channel representations scaled up to the total river suspended load. Values in 

brackets represent the annual proportion of the single channeled total river load. Results were 

collected from the cross section closest to Bahadurabad and represent annual totals. 

Nr. of channels 

 

 

𝑛 

Channel sediment load 
(Mt yr-1) 

 

𝑆𝐶ℎ𝑎𝑛𝑛𝑒𝑙  

Total river load  
(Mt yr-1) 

 

𝑆𝑇𝑜𝑡𝑎𝑙  

10  20.8                    208.2   (98.6%) 

4 52.5                    210.0   (99.4%) 

1 211.2                    211.2   (100.0%) 

 

 

 

 

 

 Table 4. Base Mode configuration of the independent estimates gathered from the literature 

review. Supporting arguments can be found in Appendix. 

 

        Parameter 
 

Independent Estimate 
 

1. Channel bathymetry Rectangular 

2. Channel total width  8000 m 

3. Manning’s roughness coefficient 0.025 

4. Water discharge Daily mean 

5. Lateral inflow 26% of the Bahadurabad flow (Main channel: 74%) 

6. Water temperature Monthly mean 

7. Maximum erodible depth 14 m 

8. Sediment sample Fine sand (d50: 0.15 mm) 

9. Sediment fall velocity method Report 12 
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The model run in Base Mode with all the independent estimates resulted in a suspended 

sediment load that was compared to observed data measured by Coleman (1969; Figure 8). 

Coleman (1969) recorded suspended loads during 1958-1962 at Bahadurabad, thus the model 

result was taken from the equivalent cross section. On an annual basis the model produced 

approximately 35% of the observed mean values. The monthly proportion over the year had 

a coefficient of variation (derived from Equation 1) of 0.35. 

4.3.  Sensitivity analysis 
 

As a result of the literature review, maximum and minimum ranges and alternative options 

for the independent estimates were gathered (Table 5). Details from the literature review are 

presented in Appendix. The sensitivity analysis was run for each parameter alteration and 

results are presented as a proportion of the Base Mode annual suspended load. In Table 5A, 

the original Base Mode was used, and in Table 5B, the alternative Base Mode – Rubey was 

used. Also presented is the monthly coefficient of variation (derived from Equation 1) of the 

annual proportion of suspended load.  

 

Physical river characteristics having the highest influence on suspended sediment load were: 

the channel total width, Manning’s roughness coefficient, sediment sample and channel 

bathymetry. Hydro-climatic river characteristics, such as the water discharge, also showed a 

high impact on the suspended load. When interpreting the outcome, some results were 

remarkable. For example, the Base Mode configuration turned out to be unable to model a v-

shaped channel bathymetry. The model became too unstable to produce any results at all. For 

the Base Mode – Rubey configuration, the v-shaped bed form gave more than seven times 

the suspended loads of a rectangular bed shape. For some cross sections though, the model 

had to assign a critical depth to solve the flow calculations. The result was therefore not 

completely reliable, which could be seen by the very high coefficient of variation (1.15). This 

result should therefore be treated with care. The changed amounts of lateral inflow showed 

almost no change (1%) in suspended loads compared to the original estimation. Also, the 

variation in erodible depth showed no change at all (0%) of the Base Mode suspended loads. 

Testing different sediment sample distributions also encountered problems; the finer 

sediment sample lied outside the applicability range of the chosen sediment transport 

function. The result of an almost 48 times larger sediment load was therefore not regarded as 

a reliable value.  

 

Figure 8. Monthly suspended sediment load from observed data by Coleman (1969) and model 

results from the Base Mode. 
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5. Discussion 

5.1.  Braided channel representation 
 

Since the Brahmaputra is a braided river, the model was tested both with a simplified single 

channel representation and a multi-channeled braided river representation. The difference in 

sediment load between these channel representations turned out to be approximately 1%. 

This rather small deviation could be discussed from two perspectives. First, in a rectangular 

bed form, a mean width of 8000 m and a bank height of 20 m, gives a very wide and shallow 

geometry. A river divided into, for example, four channels, with each a width of 2000 m (a 

fourth of total river width), still does not change the already extreme depth-to-width ratio to 

any larger degree. The model hydrodynamics would therefore not be that different between 

the two geometry representations, and they could thus produce similar amounts of sediment 

load. Second, suspended sediment loads measured by Goswami (1985) in the Brahmaputra 

River were reported to increase more rapidly at higher discharge levels than at lower levels. 

This relation is in accordance with sediment rating curves for the Brahmaputra River 

examined by Islam et al. (1999) and Sarma (2005), and describes the relationship between 

sediment load and discharge as an exponential function. In this study, when modelling only 

a sub-channel (with a correspondingly smaller input discharge), the resultant sediment load 

was instead scaled up with a linear multiplication to get the total river load. That implied, 

that modelling the braided river as a multi-channeled representation, underestimated the total 

Table 5. Summary table of results gained from the literature review and sensitivity analysis. 

Details on the tested ranges are presented in Appendix. Table 5A refers to results produced from 

the Base Mode, while Table 5B shows results from Base Mode – Rubey. 

5A. Base Mode 

          

    Parameter 

 

Tested ranges of the  

independent estimate 

Annual 

proportion of 

Base Mode in 

suspended load  

Monthly 

coefficient 

of variation 

1. Channel bathymetry Rectangular 

V-shaped 

1.00 

Failed analysis 

0.00 

- 

2. Channel total width 3000 m 

10 000 m 

2.48 

0.91 

0.25 

0.19 

3. Manning’s 

    roughness coefficient 

0.018 

0.035 

1.88 

0.70 

0.22 

0.27 

4. Water discharge  + 21% 

– 21% 

1.34 

0.72 

0.13 

0.16 

5. Lateral inflow   37% (Main channel: 63%) 

15% (Main channel: 85%) 

0.99 

1.01 

0.01 

0.01 

6. Water temperature + 3 oC 

– 3 oC 

0.95 

1.06 

0.03 

0.03 

7. Maximum erodible 

    depth 

8 m 

20 m 

1.00 

1.00 

0.00 

0.00 

8. Sediment sample  Coarse silt (d50: 0.04 mm) 

Fine/Med. Sand (d50: 0.25 mm) 

47.9* 

0.22 

0.20 

0.16 

9. Sediment fall velocity 

    method 

Report 12 

Rubey 

1.00 

1.14 

0.00 

0.04 
* Input sediment sample outside model applicability range. 

5B. Base Mode – Rubey 

1. Channel bathymetry Rectangular  

V-shaped 

1.00 

7.28** 

0.00 

1.15 
**Model occasionally assigned critical depth. 
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river sediment load. In this case, the underestimation represented 1%. At this generalized 

large scale, the small difference in load from the different channel representations would, 

however, not influence the accuracy of the sensitivity analysis to any larger degree. The 1% 

deviation was therefore neglected and a single channel of full width and full discharge was 

regarded reasonable for the following analysis. Moreover, while the braided river 

representation was originally tested with the rectangular bathymetry form, an alternative v-

shaped bed form was also preliminarily tested (analysis not shown). Modelling the multi- 

and single channeled river representations, but now with a v-shaped bed form instead, gave 

the same deviation of 1% in suspended load as the rectangular form did. Regardless of cross 

sectional geometry, the reduction of the braided river into a full scale single channel was 

therefore considered reliable.  

 

In modelling the Brahmaputra River as a single channel through this methodology, certain 

natural processes became excluded. For example, in a junction of two braided channels, the 

erosional rates increases and deep scour holes are created (Best, 1988). Erosion from such 

junctions could not be attributed in a single uniform channel. Also, HEC-RAS 4.1 only 

accounts for vertical erosion. The rectangular bathymetry was therefore only contributing to 

erosion with the bed section, and not the channel banks. Goswami (1985) found that bank 

recession in the Brahmaputra could account for approximately 19% of the in-channel erosion, 

which was not covered by the model. Still, considering the many other natural processes that 

were disregarded for the sake of one-dimensional homogeneity and simplicity, this method 

comprises the vital characteristics of sediment transport. The majority of the channel erosion 

(the remaining 81%) was captured by the model, and this was regarded as sufficient for the 

sensitivity analysis. A similar modelling solution of a braided river was found by Brunner et 

al. (2003) from USACE, in their project report on the Susquehanna River (Pennsylvania). 

They also modified a multi-channeled river into one stream for simplicity reasons. Yet, 

published investigations of this approach appears to be scarce. This analysis is therefore a 

suggestion on how to model braided rivers at a larger scale. 

 

 

5.2.  Base Mode evaluation 
 

The comparison between the model results and equivalent observed data revealed a large 

difference in suspended load. The much smaller modelled load (35% of observed load) could 

be associated to the natural variability of the river characteristics. To represent the extensive 

focus reach of 300 km in the model, average values had to be homogenously applied to all 

cross sections. If spatially distributed input values had been used instead, the model result 

would likely have been different. For instance, in accordance with known behavior, the 

Manning’s roughness coefficient showed high impact on the hydraulic calculations. By only 

adjusting this roughness estimate to a smaller value (0.018), the Base Mode model result 

would instead represent 66% of the observed data (0.35*1.88=0.66). The parameter of 

channel total width had an even larger impact. If assuming the whole reach had a smaller 

width (3000 m), the model result would represent 87% of the observed data 

(0.35*2.48=0.87). This demonstrates that the Base Mode performance was an average 

estimate of a highly varying system that brought certain restrictions in modelling absolute 

values over such a large scale. Similar studies on sediment transport using HEC-RAS were 

reported to reasonably well reproduce absolute values, also ranging several orders of 

magnitude from the observed sediment loads (Chalov, et al., 2015; Pietron, et al., 2015). This 

was therefore considered a good model performance which was adequate for analysis of 

relative sediment load changes. General reasons for this kind of discrepancy could come from 

inconsistency in measurement time and location, as well as overseen natural processes 

excluded from the model. In the case of the Brahmaputra River, the lack of public available 

sediment measurements limited the comparison to be made from datasets more than 20 years 

apart (1960-1980). Within this period, sediment yield in the river was reported to both have 

increased (Singh & Goswami, 2012) and decreased (Islam, et al., 1999; Sarma, 2005). This 
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inter-annual variability could play an important part in evaluating absolute results, but is not 

critical for relative comparisons. Last, as mentioned above, this methodology is not 

accounting for neither bank interaction nor braid confluence scour holes, which could explain 

parts of the difference between modelled and observed loads.  

 

 

5.3.  Sensitivity analysis 
 
As previously mentioned, the natural variation in the parameter of total channel width 

showed a high impact on the amount of suspended load at the Bahadurabad station. For 

example, the reduction of the channel geometry to a narrow passage is compensated with a 

higher velocity and increased erosional capacity, and has thus a clear connection to sediment 

transport. Although the overall results of channel width are consistent with hydraulic theory, 

some inconsistencies are inevitable due to the model setup. Because the total channel width 

included the bars and islands lying between the braided channels, the model was relevant 

mostly for high flows (when bars and islands normally are flooded). The disadvantage with 

this large width was that lower flows now had an unreasonably wide cross section. Wider 

cross-sectional areas instead decrease water velocity, and thereby the erosional capacity of 

the flow. With this approach, low flow erosion would therefore be underestimated, and 

deposition would respectively be overestimated. Adding to that, changes in low flows have 

a small impact on the annual totals due to the extreme difference in flow between the 

monsoonal seasons. Only variation at high flows would be noticeable, but larger alterations 

in the low flows could be detected by the monthly coefficient of variation. A better adaptation 

of channel width to discharge levels could be gained by using a v-shaped bathymetry. Then 

the bed form would allow a continuous change in wetted perimeter (cross sectional area in 

touch with the water) when the discharge changes. The v-shape might provide a more 

accurate representation in modelling both high and low flows, but the model stability would 

have to be improved before such evaluation. Concerning the sensitivity analysis on changed 

grain size distributions, the results showed a high impact on the amount of suspended load. 

The finer bed sample was outside the applicability range of the transport function and clearly 

represented an unrealistic extrapolation. To produce a rough estimate of fine sediment 

transport, a shorter reach could be studied to give details on the cohesive processes. The result 

of the coarser sample was more trustworthy and showed a substantial decrease in the amount 

of transported suspended load. This was well supported by sediment transport theory; 

entrainment of coarser grains has higher critical thresholds and, thus, requires increased 

discharge levels. 

 

An unexpected result was found with the parameter of maximum erodible depth. No change 

was detected in suspended load between the tested ranges. One interpretation could be that 

the model was never limited by the values, i.e. erosion at the cross sections never approached 

the maximum allowable depth. The floodplain lies on a thick layer of fluvial deposits and is 

therefore generally not conformed by underlying bedrock. These estimates were therefore 

still regarded as reasonable. However, the maximum erodible depth had a large impact on 

suspended load when the v-shaped bathymetry was used (preliminary analysis not shown). 

Consequently, another interpretation was that the rectangular bathymetry could; either, not 

account for the erodible depth, or, erosion was unexpectedly low. This, again, invited for 

further improvements of how the bathymetry form affected the functionality of other 

parameters. The different behavior of the v-shaped bed form could originate in the Toffaleti 

transport function. The algorithm divided the water column into horizontal layers, and a v-

shaped cross section has different internal geometries than a rectangular form. This 

connection to the transport function could explain why the v-shaped produced much larger 

loads (more than 700%). Those extreme loads of the v-shaped bed were unfortunately not 

possible to model with the Base Mode, and the alternative Base Mode – Rubey had to be 

applied. Changing the fall velocity method to a simpler analytical solution permitted the flow 
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calculations to run, but the setup was still too unstable to produce a solution to the energy 

equation, and the critical depth had to be assigned for some of the cross sections. This result 

is therefore in need of deeper investigation. With a channel width of 8000 m, the angle of a 

v-shaped bed was not that different from a rectangular bed, but still had more demands on 

the parameter configuration. A trapezoidal geometry could pose as another alternative, but it 

would require supporting arguments on the angle of the banks. A U-shape could also be used 

after deciding on the curved form, but to eliminate the number of decisions in building the 

model, none of them were practical in this analysis. Other studies modelling flow and 

sediment transport, and likewise represented the channel by a rectangular form (e.g. Mc 

Corquodale et al. (2010)) or by a v-shaped form (e.g. Jung et al. (2010)), did not elaborate 

on the specific impact from that bathymetry. It appears that most studies on in-channel 

hydraulics operate at a much smaller scale and aim to approximate the bathymetry to the 

reality as close as possible. However, Roy and Sinha’s study (2014) on variable channel 

bathymetry before and after monsoon seasons, shows that river bathymetry in this area is an 

essential parameter in sediment transport modelling. 

 

A last observation from the sensitivity analysis concerned, rather, the lack of impact. In 

contrast to increased total discharge, the distribution of that streamflow between the lateral 

inflow and main channel flow showed almost no impact at all (1%) on the downstream 

suspended loads. A smaller proportion of lateral inflow gave slightly larger suspended loads, 

while a larger lateral input gave less suspended loads. Hypothetically, a channel without any 

lateral inflow at all would then give higher suspended loads than a river mainly fed with 

lateral flows. Logically, a reach with a constant high flow would have greater erosional 

capacity than a reach that is gradually building up the flow. The fact that the lateral inflow 

had a small impact on sediment transport, could however indicate that the sediment load at 

the downstream section was quite independent of the flow distribution upstream.  

 

5.4.  Future possible changes 
 

The sensitivity analysis enabled an evaluation of the natural variability and uncertainty range 

that was attributed to each parameter. Their respective impact on the sediment load could 

indicate how the system would react to future possible changes of those same parameters. 

Hydro-climatic parameters that likely would be changed by a future global warming were: 

discharge levels in tributaries and main channel, as well as water temperature. Masood et al. 

(2015) analyzed the climate change in the basin and concluded that the annual average 

temperature would change by a +4oC and an increase in runoff of +16% by the end of this 

century. These estimates were checked with several statistical indices that all showed an 

overall satisfactory model performance. Consequently, a warmer climate would imply higher 

river water temperatures. The sensitivity analysis indicated a small decrease in sediment load 

from warmer river temperatures. Increased water temperatures would therefore not affect the 

overall sediment transport to any larger degree, which was also confirmed by a similar study 

on the Yangtze River in China (Zhu, et al., 2008). An increase in runoff, on the other hand, 

would show a direct response in the amount of transported load. If adding the increase of 

+16% in runoff to present natural variability of discharge levels, a higher load would be 

gained. Present high discharge levels (+21%) gave an increase of 34% to the Base Mode 

results. Adding the increase from a future climate change (21%+16%) would then give 

potentially even higher suspended loads. These results are again, as a reminder, obtained 

from a fixed location in a uniform and stable river representation. The temporal variability, 

however, was possible to address for the parameters of water discharge level and temperature, 

since they were applied as daily values over a whole year. The spatial variability of the river 

parameters, on the other hand, was not analyzed, except for the lateral flow parameter. The 

upstream-downstream relationship was in this case weak, and a future climate change 

affecting the Himalayan tributaries (e.g. in changed glacial meltwater rates or precipitation 

patterns) would, from this result, not affect the downstream load by more than a few percent. 

The spatial variation along the reach could present an aggregated view on the consequential 
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sediment regime from a climate change, and comparison of sediment load at several cross 

sections would represent such an approach. Still, at a global scale, evidence of impacts from 

future changed hydro-climatic parameters are yet limited (Walling & Fang, 2003). 

 

The natural variation in physical river characteristics could be connected to anthropogenic 

disturbances in the river. The sediment transport sensitivity on the channel bathymetry was 

very high and dredging and river engineering works would usually affect the channel 

geometry. However, as stated by Roy and Sinha (2014), the regional monsoonal feature 

contributes to large depositional fluctuations, and due to the large cross sectional area of the 

river, those depositions would likely have a larger effect on the river morphology than human 

works. Another parameter, the total river width, could be connected to river embankments. 

Bank erosion is a major issue in the Brahmaputra River as described by Nakagawa et al. 

(2013) and bank stabilization is a high priority in the region. The sensitivity analysis showed 

that by keeping the river width fixed to a smaller cross section, lead to increased suspended 

loads. This is confirmed by Mosselman (2006) that observed increased rates of erosion and 

unfavorable channel configurations in the Brahmaputra, specifically where bank protection 

measures where applied. River engineering works could also affect the available sediment 

fractions in the river, for example by in-stream mining or reservoirs trapping the finer 

fractions (Ward & Stanford, 1995; Kondolf, 1997; Walling, 2006). If the majority of the 

Himalayan tributaries were regulated by hydropower plants, less fine material would flow 

into the system, and consequently, the river bed would shift to coarser grain fractions. An 

altered particle size distribution could affect the erosional capacity of the river, as well as 

how the braided morphology is evolving (Mueller & Pitlick, 2014). Large scale regulation of 

tributaries might also increase the effect of lateral inflow to the downstream sediment regime. 

In this sense, both climate change and anthropogenic influences seems to impose a large 

impact on the future sediment regime in the Brahmaputra Basin. 

 

 

6. Conclusion 
 

A sensitivity analysis on suspended sediment was carried out for a section of the Brahmaputra 

River by using the one-dimensional HEC-RAS model. This simplified approach allowed the 

results to be easily traced back to the input parameters and enabled interpretation of future 

possible dynamics. Key findings were: 
 

 The simplification of a braided river into a single channel enabled a simple model 

setup of an otherwise complex data-limited river.  
 

 Key river characteristics that affected suspended sediment transport were found to 

be channel width, bathymetry form, water discharge and sediment sample. The v-

shaped bed form showed unexpected complications in interaction with other 

parameters, but nevertheless provided valuable insight to the importance of 

bathymetry form to sediment transport analysis. The small impact of the lateral 

inflow indicated that the downstream sediment loads were not affected by the spatial 

distribution of upstream flows. 
 

 Future suspended sediment loads could be elevated from a change climate, with the 

main contributor being the increased discharge levels. This increase could however 

be counteracted by extensive river regulation and expansion of hydropower dams, 

which could shift the dominant grain fraction to coarser bed materials and reduce the 

suspended yield.  
 

 Further research within this topic would include analysis on the influence of a v-

shaped bathymetry form, addressing the transport of finer cohesive sediments, and 

investigating the impact from spatially varying parameters.  
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 This study concluded on qualitative, and preliminary, predictions of the sediment 

transport in the Brahmaputra River. The next step in utilizing this model setup is to 

quantify estimates of future changed river parameters and apply those to the model 

to produce possible future scenarios. This approach contributes to a better 

understanding of sediment transport sensitivity and modelling, and could be 

extended for future climate and anthropogenic impact assessments of the 

Brahmaputra River.  
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Appendix 
 

Details from the literature review on the independent estimates and tested ranges: 

 
 

       Parameter 

 

 

Additional sources and derivations  

1. Channel bathymetry Studies on the impact of a rectangular or a v-shaped bed form have not 

been found in the literature. 

2. Channel total width The average width of 8000 m was presented by Goswami (1985) and 

can be confirmed from published ranges of river widths (Coleman, 

1969; Gupta, 2007; Mersel, et al., 2013; Dey & Bhattacharya, 2014). 

The natural spatial variability of 3000-10 000 m of the total width was 

suggested by Coleman (1969), including the bars and islands in-

between. 

3. Manning’s 

roughness 

coefficient 

Jung et al. (2010) and Woldemichael et al. (2010) showed that a value 

of 0.025 (representing a natural stream in fair conditions) was adequate 

for modelling studies in the Brahmaputra River. Jung et al. (2010) also 

suggested a reasonable range to be between 0.018 and 0.035, given the 

geomorphological features of the river being sand bedded and without 

vegetation. 

4. Water discharge The discharge data from GRDC (1995) had an annual coefficient of 

variation of 0.21 over the averaged years. Each daily discharge value 

was thus increased with 21% and respectively decreased with 21% as 

the tested range in the sensitivity analysis. 

5. Lateral inflow Data used for the derivation of lateral inflow were based on the years 

1957-58, 1960-61 and 1977-78, which were the only years of matching 

data between the Bahadurabad and Pandu stations. The discharge at 

Pandu represented 88% of the flow of Bahadurabad, giving a lateral 

inflow rate of 0.04% per km. The main channel at Dihing was 

consequently estimated to have a flow of 74% of the Bahadurabad 

discharge, and the lateral inflow over the whole reach was concluded 

to 26%. The drainage area between Pandu and Bahadurabad constitutes 

approximately 20% of the whole Brahmaputra catchment area (USGS, 

2014) and has one also of the highest precipitation levels in the 

catchment (Rajeevan, et al., 2006). This flow distribution was therefore 

regarded reasonable. The annual coefficient of variation of the 

discharge ratio between Pandu and Bahadurabad had a value of 0.06. 

Using that variation (± 6%) resulted in an overall maximum lateral 

inflow of 37%, and a minimum lateral inflow of 15%. 

6. Water temperature Annual average water temperature between 1979 and 1995 was 28oC 

at Bahadurabad (GEMSTAT, 2015), and was applied to the model as 

monthly averaged values. The monthly variation of the temperature 

series had a coefficient of variation of 0.11 and represented a change 

of ± 3 oC. Similar seasonal variation was confirmed by Singh et al. 

(2005) and Khound et al. (2012). 

7. Maximum erodible 

depth 

The average bed scour depth was found to be 14 m based on braid 

confluence scour holes by Best and Ashworth (1997) and Mersel et al. 

(2013). The depth was found to vary between 8 m to 20 m by the same 

authors. 

8. Sediment sample The average grain size distribution had a d50 of 0.15 mm as shown in 

Figure A1. The independent estimate was found from the mean 

distribution of a coarse river bar sample and a fine bed sample, both 

measured by Goswami (1985). Despite the fact that the independent 

estimate was partly drawn from a bar material, it was within published 

ranges and concurred well with the modelling time frame, and thereby, 

providing a reasonable estimate. The fine and coarse samples by 
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Goswami (1985) were used as the tested range in the sensitivity 

analysis and had a d50 of 0.04 mm and 0.25 mm respectively. 

9. Sediment fall 

velocity 

Studies on the fall velocity methods Report 12 and Rubey appeared to 

be limited.  

 

 

 

 

 

 

Figure A1. Sample grain size distributions measured by Coleman (1969), Goswami (1985) and 

Das (2004). All distributions were sampled from bed material except the coarser sample by 

Goswami (1985) that was taken from river bar material. The independent estimate was the mean 

of the coarser and finer distributions by Goswami (1985). 
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