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Abstract 

Geomorphological knowledge is critical in understanding watershed-scale surface processes 

both in steep mountainous areas and flat lowlands, particularly if the mid- and downstream 

areas are densely populated and hazard assessments are highly required. The upper basin 

morphodynamics, hydrology, and sediment flux highly influence the repeated sediment 

disasters in the downstream areas, and our understanding of the large-scale fluvial 

geomorphic processes and basin-scale sustainable river management is crutial. However, our 

knowledge about such surface processes has relatively been limited in some areas in South 

Asia (particularly Bangladesh) due likely to the lack of comprehensive studies of 

geomorphology and related fields. In this study, the author first undertakes an overview of the 

geomorphological processes of the disaster-prone deltaic landscape of the Ganges–

Brahmaputra–Meghna (GBM) focusing on fluvial processes at basin scale (Chapter 2). The 

review of previous studies found that most of the geomorphic researches in Bangladesh are 

exploring landslide inventory and susceptibility mapping in hilly areas; river channel or 

riverbank shifting, riverbank erosion and accretion in fluvial environments; watershed 

morphometric analysis and geomorphic unit identification in plain land; and coastline shifting 

or coastal erosion and accretion in coastal environments at a small scale. Then, the author 

discusses the fluvial dynamics and sediment transport of the GBM river system to address the 

knowledge gap in the context of deltaic plain land in Bangladesh, where upstream fluvial 

sedimentation processes impact the geomorphic connectivity from Himalayan to the Bay of 

Bengal. Although some studies on the fluvial dynamics and sediment dispersal in the 

upstream GBM river basin are present, the fluvial processes in the downstream domain of 

Bangladesh are not fully understood with a limited number of research with field-based 

approaches. Hence, some future perspectives of geomorphic research in Bangladesh are then 

mentioned to understand better the complex geomorphological settings in the entire GBM 

watershed and to strengthen the existing research capacity. 

Following these reviews, in Chapter 3, the author attempts to characterize the 

morphometric and topographic features at the sub-basin scale along with the spatial sediment 

connectivity pattern of the middle Brahmaputra River basin (Teesta, Torsa, and Manas 

basins) covering ~75,000 km2 that influences the hydro-geomorphic response of the deltaic 

landscape of lowland Bangladesh. This work considers a set of morphometric and 

topographic parameters including the stream network, longitudinal profiles, stream power 



IV  

 

index (SPI), and topographic wetness index (TWI) for geomorphometric characterization. 

The linkage between the sediment sources to downstream areas also has been evaluated with 

the sediment connectivity index (IC) to understand better the sediment dynamics of the 

middle Brahmaputra River basin, draining towards lowland Bangladesh from the basin's 

upstream countries of India and Bhutan. The result of this study demonstrates a highly 

potential hydro-geomorphic response of the downstream areas attributed to steep topography, 

steep channel longitudinal profiles, high rainfall, and high sediment connectivity in upstream 

regions. However, the low topography, presence of anthropogenic stressors, almost flat 

longitudinal channel profiles with limited change in elevation, and lowered sediment 

connectivity potential in the mid-to-downstream areas depict sensitivity to the depositional 

processes therein, impacting the basin-scale geomorphic connectivity from the upstream to 

the downstream region. These results will be the basic information for exploring the large-

scale hydro-geomorphic response and structural sediment dynamics to understand the 

complex geomorphological processes in the South Asia region. 

 Furthermore, for a widespread understanding of the upstream’s hydro-geomorphic 

response as well as assessing geomorphological dynamics and protecting floodplain areas in 

downstream, the topographical changes in disaster-prone riverine floodplains at the local 

scale need to be measured, which has been limited in South Asia due to the lack of 

multitemporal, high-definition digital elevation models (DEMs) derived from modern 

techniques including airborne laser scanning, structure-from-motion (SfM) photogrammetry 

accompanied with Unmanned Aerial Vehicle (UAV), and field-based mapping approaches. 

Hence, as a local scale case, the author carried out a preliminary study at two locations of the 

Teesta River (Brahmaputra’s tributary) in Bangladesh using the UAV-SfM techniques and 

generated high-resolution DEMs (Chapter 4). The selected locations represent dynamic 

changes of sediment and water on the floodplain over the years, and the UAV-SfM approach 

can be an effective method for monitoring those changes, but an archive of the past data has 

been unavailable. Here the author evaluated the topographic changes by comparing the UAV-

SfM-derived DEMs of 2022 with global DEM products (NASADEM of 1999), which are 

often the only available choice of DEMs in this river floodplain. The elevation differences of 

these two sets of DEMs were in the range of −5.23 to −84.66 m, and volumetric changes of 

−4.11±0.15 to −86.25±0.20 million m3, likely dominated by erosional processes towards the 

left side bank where the elevation errors are supposed to be several meters for UAV-DEM 

and ca. 5-12 m for NASADEM. Although it is not easy to accurately evaluate the absolute 
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values of the changes, these changes may be associated with the upper basin’s hydrology, 

sediment flux, and anthropogenic stressors along the floodplain. The considerable changes in 

topography, including cross-sectional profiles, elevation, and sediment volume, indicate the 

importance of continuous river topographic monitoring that can be facilitated from the 

present workflow, which can optimize river management strategies in South Asia, 

particularly Bangladesh. 

Hereafter, the author believes that this multiscale geospatial study will develop a 

holistic understanding of basin-wide fluvial geomorphic processes and sediment dynamics of 

the Brahmaputra River to the policymakers considering the key determinants (excessive 

sediment sequestering, riverbed aggradation, river hydrology, hydro-engineering structures, 

etc.) of geomorphic connectivity and may be helpful to improve the transboundary river basin 

management policies or strategies focusing on restoring the geomorphic connectivity, 

monitoring river floodplain, joint research initiatives, cross-boundary cooperation, and 

sustainable development among the basin-sharing countries. 

 

Keywords: Ganges–Brahmaputra–Meghna (GBM), Fluvial-geomorphology, Brahmaputra, 

Multiscale, NASADEM, Sediment connectivity, Terrain analysis, Unmanned aerial vehicle 

(UAV), Structure-from-motion (SfM). 
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Chapter 1 

General introduction 

 

1.1 Background of the study 

Information on terrain features or land surface processes is one of the most fundamental 

requirements for various studies in environmental science and applied geomorphology 

(Ehsani and Quiel, 2008).  The most widely used data structure employed to store and 

accurately characterize information about topography in a Geographic Information System 

(GIS) environment is a land-surface model, i.e., the Digital Elevation Model (DEM) (Pike et 

al., 2009). Landform elements as physical constituents of terrain may be extracted from the 

DEM using various approaches including morphometric and topographic parameters (Dikau, 

1989; Iwahashi and Pike, 2007), which have relationship with geomorphologic processes 

(Ehsani and Quiel, 2008). The landform properties control the geomorphic processes (Dehn 

et al., 2001), where consideration of the landforms might be different but a common 

perspective of many recent landform studies is to use a DEM (Ehsani and Quiel, 2008) (i.e., 

NASADEM), which can be compiled from various open sources like the United States 

Geological Survey (USGS) Earth Explorer (https://earthexplorer.usgs.gov/). The 

geomorphometric indices have been formulated to describe the landform characteristics and 

widely used around the globe (Crosby and Whipple, 2006; Olivetti et al., 2012). The 

understanding of processes that are causing changes on earth surface and related landform 

development represents one of the main challenges in geomorphology, where the remote 

sensing techniques allows the evaluation and quantification of landform change patterns at 

different spatial and temporal scale (Williams, 2012). Besides, the relation of sediment 

connectivity from a large drainage basin to the behavior of the river morphology is 

fundamental area of inquiry in fluvial studies.  

In geomorphic science, the term connectivity has become widely used in the past two 

decades to describe the fluxes (water and sediment) in the geomorphic system that govern the 

configuration of the river channel, which influences land formation in geographically distant 

locations (Fryirs et al., 2007; Bracken et al., 2015; Wohl et al., 2019). The connectivity study 

investigates the interactions among the components of the geomorphic system (hillslope, 

valley bottom, channel segments), the response of the diverse geomorphic system to varying 

inputs (i.e., water and sediment fluxes), the landforms features that govern the connectivity 

https://earthexplorer.usgs.gov/
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within a drainage basin, and the human alternations of geomorphic systems (i.e., flow 

regulations, channel diversion, etc.) at different spatio-temporal scales (Cenderelli and Wohl, 

2003; Fryirs et al., 2007; Wohl et al., 2019). The sediment connectivity in geomorphology is 

the transfer of sediment between different stores or zones within the catchment system (e.g., 

between channel reaches or between hillslopes and channels), placing an emphasis on the 

distribution of sediment stores and sinks (Hooke, 2003; Harvey, 2012; Poeppl et al., 2017). 

The control of the morphological conditions on spatial sediment connectivity acts both 

through hillslope-channel coupling and decoupling, and through sediment transfer along the 

channel network. The connectivity research experienced a surge within various disciplines 

including geomorphology (Brierley et al., 2006; Bracken et al., 2015) to better understand 

linkages between sediment source areas and the corresponding sinks in catchment systems 

(e.g., Turnbull et al., 2008; Wainwright et al., 2011; Fryirs, 2013; Poeppl et al., 2017). The 

spatial characterization of connectivity patterns in the complex and heterogeneous 

mountainous catchment (e.g., Brahmaputra River basin) allows effective estimation of the 

contribution of a given part of the catchment as sediment source, and to define the sediment 

transfer paths (Cavalli et al., 2013). Furthermore, the implementation of connectivity in 

management concepts is especially important in a region where high erosion and sediment 

delivery rates cause severe problems (Najafi et al., 2021), as in the case of the largely 

ungauged Brahmaputra River. Besides, identifying the connectivity pattern is useful in basic 

and applied geomorphic research (Wohl et al., 2019), and this study explores the implications 

of sediment connectivity for river basin management in densely populated South Asian 

regions at the risk of repated sediment disasters. 

The natural processes related to sediment erosion, transport, and deposition play a 

major role in shaping the morphology of mountainous catchments and may result in severe 

hazards when fluvial-sedimentation occurs in paroxysmal ways (Goldin, 2015). The 

Brahmaputra (Yarlung Tsangpo-Siang-Brahmaputra-Jamuna) (originated from the great 

glacier mass of Chema-Yung-Dung in the Kailas range of southern Tibet) is one of the most 

heavily sediment-laden large rivers of the world (after the Amazon and Yellow River), 

making the region prone to sediment disasters (i.e., flood causing the death on average 

around 6000 people per year in Bangladesh) and affecting enormous number of people’s 

livelihood (400 million) (Yasuda et al., 2017; Pangare et al., 2021). This transboundary river 

(~580,000 sq. km; ~2880 km) is shared by four different countries (China-50.5%, India-

33.6%, Bangladesh-8.1%, and Bhutan-7.8%) and there are international dimensions and 

https://www.sciencedirect.com/science/article/pii/S0341816220304306#b0560
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significant discord among the actors across the basin, which pose challenges to the 

management and distribution of its resources (e.g. hydropower potential, fertile agricultural 

lands, and substantial aquatic diversity) (Mahanta et al., 2014; Yasuda et al., 2017). For better 

management of this complex river basin, it is necessary to understand the fluvial-

geomorphological context at basin-wide approach for potential future cooperation and 

strategies about the Brahmaputra River. As the ultimate carrier of freshwater and sediment in 

the South-Asian region, the Brahmaputra River drives the hydro-meteorological interactions, 

dynamics, and processes of the entire region (Pangare et al., 2021). Furthermore, as a 

complex river system, the Brahmaputra requires much more attention in analytical studies 

focusing on the morphological features and geomorphic connectivity to address the 

challenges of holistic transboundary river management among the riparian countries (China, 

India, Bhutan, and Bangladesh). Unfortunately, the understanding on land surface processes 

has relatively been limited in South Asia, particularly in transboundary Brahmaputra River 

basin (details are provided in Chapter 2). 

Therefore, this study has been initiated to cover large areas of the Brahmaputra River 

flowing through different morphological zones (Himalaya belt, lower mountainous region, 

Brahmaputra valley, and deltaic floodplains) using remote sensing technologies (e.g., satellite 

sensing, unmanned aerial sensing) and GIS with field-based approaches towards achieving 

the better understanding of fluvial-geomorphic processes and sediment dynamics in South-

Asia (Fig. 1.1). Particularly, this study focuses on the GBM’s fluvial-geomorphic processes 

and their connectivity from the Himalayan to the Bay of Bengal (Chapter 2), and later on 

highlights the middle Brahmaputra's (includes snow and glacier-fed sub-basins on the 

southern Himalayan slopes) north bank tributaries (Teesta, Torsa, and Manas covering 75,000 

sq. km) (Chapter 3) considering its potentiality of large additions to the flow of mainstream 

Brahmaputra and vigorous characteristics (i.e., steeper channel gradient, channel change, 

erosion rate, high flow, and sediment contribution, and precipitation intensity) (Coleman, 

1969; Goswami, 1985; Mahanta et al., 2014; Pangare et al., 2021; Palash et al., 2023). 

Besides, this study emphasizes the lower Brahmaputra (includes non-snow sub-basins on the 

southern Himalayan slopes and floodplains) at Teesta (Brahmaputra’s tributary) (Palash et 

al., 2023) to evaluate the topographical dynamics, introducing unmanned aerial vehicle-based 

structure-from-motion photogrammetry (UAV-SfM) and available global DEM products 

towards developing river basin management framework in South Asia’s disaster-prone 

floodplain (Chapter 4), particularly densely populated Bangladesh. The author believes that 
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understanding the fluvial-geomorphic processes, geomorphic connectivity patterns, and 

topographic dynamics at multiscale (basin, sub-basin, and local scales) from this study will 

not only contribute to the existing academic body of knowledge but will also have the 

potential to contribute to effective management and regional collaboration among the basin-

shared countries linking upstream to its downstream, often hindered by inadequate basin 

information. With this background in mind, this research aims to address the following 

questions.  

1) How is the geomorphic processes and connectivity from the Himalayan to the Bay of 

Bengal impacted by upstream fluvial-geomorphic processes? And what kind of 

geomorphic research can be prioritized in this understudied region? (Chapter 2). 

2) How are the geomorphic characteristics related to the sediment connectivity between 

upland and lowland systems on the Brahmaputra River basin? (Chapter 3). 

3) How can the topographical dynamics be assessed from DEM products (UAV-SfM 

and global products) to optimize river management strategies in the disaster-prone 

floodplain of Teesta River (Brahmaputra’s tributary)? (Chapter 4). 

Fig. 1.1 Brahmaputra River system with transboundary flow path. 
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1.2 Objectives of the work 

Within this context, the goal of the research reported here is to achieve a new and improved 

understanding of fluvial-geomorphic processes and sediment connectivity and to show the 

potential applicability of modern remote sensing approaches to uncover the topographical 

dynamics in densely populated developing areas (focus on Brahmaputra’s downstream) that 

are prone to repeated sediment disasters (e.g., floods, river bank erosion). The specific 

objectives of this study are as follows- 

a) To overview the geomorphological processes and their connectivity in hillslope, 

fluvial, and coastal areas in Brahmaputra’s downstream to highlight some potential 

future geomorphic research considering the recent advancement and regional studies.  

b) To assess the geomorphic characteristics to compare sediment connectivity 

parameters between upland and lowland systems on the Brahmaputra River basin. 

c) Evaluate the topographical dynamics at Brahmaputra’s tributary (Teesta River) using 

global and UAV-SfM derived DEM products.  

1.3 Study approach and thesis structure 

This thesis presents an integrated approach of remote sensing and field-based investigation 

for assessing the morphodynamics, sediment dynamics, and topography in the understudied 

Brahmaputra River basin at multiscale. The multiscale analysis is significant in the 

Himalayan River basin management that highlights the importance of different geographical 

scales across a river basin and the linkage between upstream-to-downstream and 

downstream-to-upstream. The multiscale approaches considered in this study focused on the 

entire river basin (transboundary regions over Bangladesh, India, Bhutan, China, and 

surroundings, approximately 105~106 km2), tributaries (Teesta, Torsa, and Manas Rivers, 

103~104 km2), and more local levels (100~102 km2), hereby referred to as basin, sub-basin, 

and local scales, respectively. Although the magnitude and nature of the land surface 

processes or events/problems differ at different points along the scale, it is crucial to consider 

the multiscale approach in the Himalayan River’s geomorphic studies, which can link the 

local scale processes to basin-scale processes for integrated river basin management in the 

Brahmaputra River. The global availability of NASADEM with the introduction of UAV-

SfM techniques and different hydrological data makes the effective assessment of multiscale 

fluvial-geomorphology and sediment connectivity in diverse environments ranging from the 
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• Review of past studies 

• Research gaps identification 

• Conceptualization of research 

context 

• Selection of area of interest based on 

reviewed literature 

• Geospatial data collection & 

processing (remote sensing & 

auxiliary) 

• Determine the methods for 

morphometric, topographic, & sediment 

connectivity analysis 

• Field investigation & UAV-SfM based 

high-resolution topographic data 

generation 

• Analysis of results and findings 

• Relevant discussion focusing on 

geo-morphology, sediment 

connectivity, & topography  

• General discussions & implications in river basin management 

Himalayan to the Bay of Bengal. The overall study approach is conceptualized briefly in Fig. 

1.2. 

 

 

 

 

 

 

 

 

  

Fig. 1.2 Overall study approach. 

Thesis structure: This thesis is structured as follows.  

Chapter 2: Emphasize on geomorphological processes and their connectivity in hillslope, 

fluvial, and coastal areas in Bangladesh to find out the research gaps and way 

forwards for future studies (basin scale). 

Chapter 3: Assessing the geomorphic characteristics to compare sediment connectivity 

parameters between upland and lowland systems in the Brahmaputra River basin 

(sub-basin scale). 

Chapter 4: Describe the topographical dynamics based on global and UAV-SfM derived 

DEM products: A case study of transboundary Teesta River, Bangladesh (local 

scale). 

Chapter 5: General discussion, describing the factors affecting multiscale geomorphic 

connectivity, importance of geomorphological studies, implications to river basin 

management, study limitations with way forwards for futher studies, and 

conclusions. 
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Chapter 2 

Geomorphological processes and their connectivity in hillslope, fluvial, and 

coastal areas in Bangladesh: A review 

 

2.1 Introduction 

The Ganges–Brahmaputra–Meghna (GBM) river system is the largest delta of the world, 

where the Brahmaputra is known as Jamuna River, and the confluence of Ganges and Jamuna 

River is known as Padma River (Sarker et al., 2014). The Meghna River (upper and lower 

Meghna) confluences with the Padma River at its upstream and downstream. The braided 

Jamuna, the meandering Ganges, the anastomosing upper Meghna, and the anabranching 

lower Meghna make the river planform more diverse and complicated (Sarker et al., 2014). 

Geographically, the major part of the GBM basin in Bangladesh is entirely lowland, which is 

surrounded by India on the west, the Myanmar on the east, Shillong Plateau on the north, and 

Bay of Bengal on the south (Steckler et al., 2010) (Fig. 2.1). However, most of the rivers of 

Bangladesh (405 rivers including 57 transboundary rivers) are originated from the Himalayan 

and East Indian mountains and flow through Bangladesh into the Bay of Bengal 

(BWDB, 2014; Dewan et al., 2017). In terms of mean annual discharge, the GBM river 

system is second only to the Amazon, and a major portion of this flow occurs in the summer 

season with immense monsoon rainfall, which causes widespread flooding in these drainage 

areas (Steckler et al., 2010). Therefore, the geomorphological features are changing very 

rapidly in downstream Bangladesh despite its remarkably flat topography due to the complex 

upstream fluvial process (Takagi et al., 2005). These fluvial dynamics are controlled by 

natural processes (discharge flow, sediment transport, debris flow, channel migration and 

floodplain erosion, and accretion) (Langat et al., 2019) and anthropogenic processes (dam 

constructions, river bank engineering, and land-use changes) (Surian and Rinaldi, 2003; 

Wellmeyer et al., 2005; Ortega et al., 2014). The geomorphic research describes both these 

natural and anthropogenic factors to explain the surface process, shape and dimension, 

spatiotemporal variability, and evolutionary characteristics of landscapes and landforms 

(Pareta and Pareta, 2015). 

However, apart from Himalayan tributaries, numbers of tributaries from upland 

source areas are joining the Ganges–Brahmaputra (GB) river system and it also hosts a large 
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number of floodplain wetland and lakes (Singh et al., 2021). Furthermore, the geomorphic 

diversity of river formation and processes in the Himalayan foreland and hinterland are 

demonstrated by the climatic diversity along the strike of the Himalaya (Sinha, 2004). 

Because there is a close relationship among geomorphology, river engineering, 

hydrometeorology, and environment, the geomorphological study of the large Ganges–

Brahmaputra River system is highly important to understand the process–form relationship of 

fluvial systems and landscape diversity. Also, an understanding of large GB river systems is 

critical as they support large human populations, where Ganges and Brahmaputra support a 

population of 400 million (Jain et al., 2012) and 83 million people (about 41% residents in 

Bangladesh), respectively (Mahanta et al., 2014). However, despite the enormity of the 

Ganges–Brahmaputra fluvial system and the general advancements in recent fluvial 

geomorphological studies (Oguchi et al., 2013, 2022), the hydro-geomorphic information in 

GBM is somewhat restricted (Ray et al., 2015; Fischer et al., 2017) and research availability 

has been fragmented at its downstream areas. On the other hand, significant research 

regarding the Ganges–Brahmaputra River hydrology, geomorphology, and sedimentology 

had been carried out by several researchers in India (Jain et al., 2012), covering the upper part 

of the Ganges–Brahmaputra basin. However, the integration of geomorphic and hydrological 

studies in the upstream and downstream reaches of the GBM basin has been limited. 

Moreover, in the context of Bangladesh, which hosts two most diverse Ganges–

Brahmaputra basins, not many studies on fluvial geomorphology and sediment dynamics 

have been conducted so for. Geomorphic research is still in the nascent phase in Bangladesh 

and previously studied by only a few researchers (Coleman, 1969; Umitsu, 1985, 1987, 1993; 

Best and Ashworth, 1997; Allison et al., 1998; Ashworth et al., 2000; Islam et al., 2001; 

Takagi et al., 2007; Goodbred et al., 2014; Brammer, 2014; Sarker et al., 2014; Dewan et 

al., 2017) focusing on channel diversion, erosion and accretion, sediment deposition, and few 

hydro-geomorphic systems. Earlier, Takagi et al. (2005) reviewed the geomorphological and 

geological researches of Bangladesh and tried to reflect some of the geomorphic research gap 

and realities and mentioned the limited scientific researchers. However, as discussed later, 

current geomorphic researches in downstream Bangladesh are mostly conducted at a small 

scale within the country. The insights obtained at small-scale studies are not sufficient to 

understand the large-scale landscape process (Baker, 1988; Lane and Richards, 1997; Jain et 

al., 2012). Moreover, the hydrological event that occurs in the upper part of a river basin may 

have a direct influence on downstream from a few to many hundreds of kilometers away 

https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR198
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR199
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR105
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR131
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR150
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR151
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR176
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR62
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR105
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR52
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR224
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR225
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR226
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR32
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR21
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR27
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR96
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR217
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR73
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR42
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR184
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR55
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR216
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR28
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR126
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR105
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(Nepal, 2012; Nepal et al., 2014). Hence, the understanding of upstream–downstream 

linkages in hydrological processes of Ganges–Brahmaputra River basin is essential for water 

resources management of downstream Bangladesh. 

Besides, there is an imperative need among the scientific community to understand 

better the geomorphic consequences of ongoing global environmental changes (Lane, 2013; 

Knight and Harrison, 2014; Harrison et al., 2019), where the mountainous landscapes 

including the diverse fluvial system deserve particular attention (Cienciala, 2021). These 

realizations highlighted the importance of geomorphic analysis at the cross-country scales 

because the fluvial system, including sediment connectivity and sediment dynamics, of 

downstream Bangladesh is mostly influenced by the upper and middle Ganges–Brahmaputra 

system (Subramanian and Ramanathan, 1996; Sinha, 2004; Singh, 2007). Therefore, there is 

a need to review the previous geomorphic studies with a holistic view of dealing with fluvial 

geomorphic research in downstream the deposition zone (Bangladesh) connecting the 

upstream Ganges–Brahmaputra basin. This sort of review study is required to find out the 

geomorphic research gap, to improve the understanding of geomorphic processes in complex 

downstream areas, and to unearth the flood-prone deltaic landscape connected with 

morphodynamics, hydrology, and sediment flux in the upper basins. In addition, an 

understanding of upstream dominated processes or events or sediment transport dynamics 

that shape the particular landform development of downstream areas is highly important in 

geomorphic science (Howard, 1994; Whipple and Tucker, 1999; Stark and Stark, 2001). 

Therefore, this study may help us answer the questions in geomorphology, how the 

magnitude and frequency of upstream event plays a more influential role in developing 

geomorphic characteristics of the downstream (Wolman and Miller, 1960; Rinaldo et 

al., 1991; Pelletier, 2003). 

In such a context, a large part of this work focuses on reviewing the previous 

geomorphic research in downstream Bangladesh. Also, this article attempts to review some of 

the major aspects of the Ganges–Brahmaputra fluvial system that evaluates their relevance to 

understand the fluvial system of downstream Bangladesh taking into consideration the 

geomorphological diversity of the upper Ganges–Brahmaputra River system. Some of the 

potential implications for future geomorphic researches concerning downstream flat alluvial 

Bangladesh are also discussed here that can help minimize the multitude of river basin 

management problems. Therefore, we present an inclusive review of the Ganges–

Brahmaputra fluvial system, starting from the mountainous catchments to the deltaic plain 

https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR146
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR147
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR125
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR122
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR80
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR51
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR210
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https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR87
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR232
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR205
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR235
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR177
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concerning vast alluvial plain land in Bangladesh. In summary, the aim of this article is (a) to 

review the previous geomorphological research in Bangladesh with a focus on different 

geomorphic features, including landslides in hilly area, fluvial channel dynamics, plain land 

features, and coastal dynamics; (b) to critically analyze the fluvial dynamics and sediment 

pathways of active plain land Bangladesh that governs by the upper Ganges–Brahmaputra 

River system; and (c) to highlight some potential future geomorphic research for better 

understanding of the downstream geomorphic process in Bangladesh considering the recent 

advancement and regional studies. 

Fig. 2.1 Map of the Ganges–Brahmaputra–Meghna river basin representing major tributaries 

and sediment sources including Trans-Himalayan batholiths (THB), Tethyan Sedimentary 

Series (TSS), High Himalayan Crystalline Sequence (HHC), Lesser Himalayas (LH), Indus-

Tsangpo suture (ITS) (after Goodbred et al., 2014). The rectangle focuses on the Bengal 

basin that influences the river migration and sediment dispersal across the Ganges–

Brahmaputra–Meghna delta. GJC and PMC indicate the Ganges–Jamuna confluence and 

Padma–Meghna confluence, respectively (Gazi et al., 2020a). 

2.2 Main text 

2.2.1 Major geomorphic features in Bangladesh  

Regarding the major geomorphic characteristics in Bangladesh, here the author reviews 

geomorphic research previously performed in the area at different scales, focusing on 

hillslopes, fluvial dynamics, plain land formation, and coastal dynamics. 
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2.2.1.1 Hilly area 

A large variety of erosional and depositional features may be formed in mountainous and 

hillslope areas. The hilly or mountainous terrain is mainly found in the north and southeastern 

part of Bangladesh (18% of the total country area) and is mostly covered with dense 

vegetation (Rabby and Li, 2018). The hilly regions of southeast Bangladesh (Chittagong Hill 

Tracts) are underlain by Surma and Tipam rocks (Brammer, 1996), and the soil formation is 

complex and unstable (Islam et al., 2017). The young rock formation contains feldspars 

vulnerable to weathering (Ahmed et al., 2014), which make these regions more susceptible to 

landslide risks during heavy rainfall (> 40 mm/day) in the monsoon (June to October) season 

within a short period (2–7 days) (Khan et al., 2012; Sarker and Rashid, 2013a, b). In 

Chittagong Hill Tract (CHT) region, rainfall-induced landslides (Khan et al., 2012) are 

increasing and causing death and damage to property (Ahmed and Rubel, 2013; Rabby and 

Li, 2019; Rabby et al., 2020). 

Furthermore, the southeastern hilly region of Bangladesh is regarded as a high-risk 

zone for flash floods and landslide events associated with intense rainfalls (Ahmed and 

Dewan, 2017; Rahman et al., 2017). Also, flash flood vulnerability studies have been carried 

out by Rahman and Salehin (2013) and Sarker and Rashid (2013a, b), but detailed watershed 

morphometric analysis has not been studied. Meanwhile, Adnan et al. (2019) assessed the 

flash flood susceptibility of the Karnaphuli and Sangu river basins in the southwest region 

with DEM-derived twenty-two morphometric parameters. The analysis revealed that more 

than 80% of the total area is susceptible to flash floods with moderate to a very high level of 

severity. On the other hand, morphometric analysis of major watersheds in the northwestern 

Bangladesh (Barind tract) has been carried out by Rahman et al. (2017). They found a 

dendritic drainage pattern with 1st to 6th stream order, moderate to a flat slope, moderate 

drainage density, semipermeable soil lithology, and homogenous soil texture. Similarly, 

small-scale morphometric analysis has been conducted by Jahan et al. (2018) in the Atrai–Sib 

River Basin (northern part of Bangladesh). 

Moreover, the landslide scenario of this hilly region is aggravated by increased 

population, rapid urbanization, indiscriminate hill cutting and deforestation, and inappropriate 

land-use practices (Sarker and Rashid, 2013a, b; BUET-JIDPUS, 2015). Rabby and Li (2020) 

identified 730 landslides in Chittagong hilly area from January 2001 to March 2017 based on 

Google Earth images, field mapping, and literature search. The literature works on landslide 
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event were collected from local newspapers, Comprehensive Disaster Management Program 

(CDMP) phase II-2012, records of the disaster management department, and road and 

highway department of the people’s republic of Bangladesh. However, comprehensive 

identification and response to the landslide occurrence in this remote hilly area are still 

difficult due to its inaccessibility covered by dense forest, faster vegetation regrowth after 

landslide, cloudy Landsat imageries, and unavailability of airborne light detection and 

ranging (LiDAR) images, aerial photographs, and unmanned aerial system (UAS)-based 

images (Rabby and Li, 2018). 

Besides, Ahmed (2015) prepared landslide susceptibility mapping in one of the hilly 

areas of southeastern Bangladesh (Cox’s Bazar) applying artificial hierarchy process (AHP), 

weighted linear combination (WLC), logistic regression, and multiple logistic regression 

techniques. Almost similar studies also have been carried out by Ahmed and Dewan (2017) 

and Rahman et al. (2017) in the Chittagong area of Bangladesh. Also, Rabby et al. (2020) 

evaluated the performance of several digital elevation models (DEMs) including global 

digital elevation models (GDEM) (30 m resolution), Shuttle Radar Topographic Mission 

(SRTM) (30–90 m), the Phased Array type L-band Synthetic Aperture Radar (PALSAR-

DEM) (12.5 m) and Survey of Bangladesh (SoB) DEM (25 m) (generated from spot height) 

for landslide susceptibility mapping in one of the CHT region (Rangamati district) of 

Bangladesh. The comparative usability study of different DEMs concludes that except SoB-

DEM (only source of local DEM in Bangladesh), all other global DEMs are suitable for the 

landslide suitability mapping in Bangladesh. The applicability of those landslide 

susceptibility maps to local areas in both scientific and social contexts is, however, still 

limited due partly to their coarse-resolution and the unavailability of field-based work on the 

landslides. 

2.2.2 Fluvial features 

2.2.2.1 Channel dynamics 

 In geomorphological studies, river channel formation and dynamics are the foremost topics 

(Petts, 1995). While the fluvial processes in Bangladesh connecting upstream areas are 

discussed in more detail in Sect. 2.3.1, here the author summarizes the overview of fluvial 

geomorphological studies in Bangladesh. The most comprehensive remote-sensing-based 

geomorphological study in Bangladesh about the Brahmaputra River channel has been 

https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR49
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR162
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR7
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR8
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR170
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR165
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR160
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#Sec23


Chapter 2: Geomorphological processes and their connectivity in hillslope, fluvial, and coastal areas 

in Bangladesh: A review 

14  

 

conducted by Takagi et al. (2007) over the time period of 1967–2002. They separated the 

Brahmaputra River into four phases, namely: (a) the late 1960s to early 1970s; (b) the mid-

1970s to early 1980s; (c) the mid-1980s to early 1990s; and d) the mid-1990s to early 2000s. 

Phase (a) and phase (b) have been regarded as transitional phases with more complex 

conditions, which trigger frequent large floods and may significantly change the river system. 

Also, a state of dynamic equilibrium has been observed from the mid-1990s to the early 

2000s due to small spatial variations both in the braided belt width and in the channel width. 

However, based on the study of the historical evolution of the Brahmaputra–Jamuna by 

Coleman (1969), Sarker et al. (2014) summarized that the rate of channel (Brahmaputra–

Jamuna) widening (~ 152 my−1) was high but the channel migration was effectively zero in 

last four decades (1970–2010). On the other hand, the Ganges catchment (Ganges and 

Padma) in Bangladesh annually receives 1200 mm of average rainfall (Sulser et al., 2010), 

which is one of the factors of the recurring large magnitude of seasonal floods during the 

monsoon period (July–October) (Gupta, 1995; Kale, 2003; Sharma, 2005). The study of 

Dewan et al. (2017) concludes that the Padma (Aricha–Chandpur) experienced a total of 183 

km2 of erosion (left bank 155 km2 and right bank 28 km2) which led to the occurrence of 

many extreme floods since 1973. Furthermore, Islam (2016) analyzed the Landsat MSS 1977 

(9 Feb), Landsat TM 1989 (11 Nov), and Landsat ETM+ 2000 (17 Nov) data and assessed the 

fluvial channel dynamics of Padma River in Northwestern Bangladesh. This study showed a 

remarkable change in the position of the riverbank, river channel, as well as bars, along with 

the geometry and morphology over 23 years (1977 to 2000). Besides, the findings suggest 

that the bankline of Padma River is not stable and in recent decades it can be migrated 

continuously toward westward (Shamsuzzaman et al., 2005; Talukder and Islam, 2006). 

The morphodynamics of two major confluences of Bangladesh Rivers, namely the 

Padma–Meghna confluence (PMC) and the Ganges–Jamuna confluence (GJC), have been 

studied recently by Gazi et al. (2020a) (Fig. 2.1). This study found that GJC moved to 

southwest direction and PMC moved to northwest direction over the period (1980–2019), but 

these directions of confluence migration were reversed before 1980s. At the same time, the 

width of PMC shows variation from 6.87 to 6.98 km, whereas the GJC confluence shows a 

decreasing trend of 8.10 to 2.80 km over the period (1972–2019). Further, Akhter et al. 

(2019) explore spatiotemporal changes of Teesta River channel morphology and forecast 

midline channel shifting in the reach over the period (1972–2017) through multi-date Landsat 

imageries (MSS/TM/ETM+/OLI) and SRTM-DEM (30 m) data and autoregressive integrated 
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moving average (ARIMA) model. This study found that, like other river systems of 

Bangladesh, the Teesta River width is becoming narrow in recent times than earlier decades 

(Takagi et al., 2007; Sarker et al., 2014; Bhuiyan et al., 2015; Dewan et al., 2017). Besides, 

over the period (1972 to 2010) and (2010 to 2017), the Teesta channel is shifting toward the 

right side (0.34 km/year) and left side (− 0.14 km/year), respectively. However, channel 

shifting rates of Teesta River are mostly affected by the temporally changing amount of 

sedimentation, but the spatial changes are more controlled by the differences in riverbank 

conditions. Further, the ARIMA model predicts the rightward direction of maximum midline 

channel shifting for 2017 to 2024 and leftward midline channel shifting between 2024 and 

2031 because of reduced water flow at downstream of Teesta River, resulting from the 

construction of dams and embankments at upstream, which restricted the water flow and 

increased the number of bars (Ghosh, 2014; Khan and Islam, 2015). 

2.2.2.2 Sediment dynamics 

 The GBM river system of Bangladesh is highly prone to channel shifting, erosion, accretion, 

and riverine island (locally Char) development due to high sediment transport or movement 

process in the monsoon season (Sarker et al., 2011). However, the sediment budget of the 

large braided river (Jamuna) largely depends on the river’s flow path along the floodplain, 

suspended sediment transport regime, and average sedimentation rates (Allison et al., 1998; 

Takagi et al., 2007). In the Ganges and Brahmaputra River, 78% of the total suspended load 

is from the Brahmaputra River (Islam et al., 2001), where the siltation rate has been increased 

in recent years (Khalil et al., 1995). Like fluvial processes, the nature of sediment dispersal in 

the GBM catchment is also diverse but not fully understood or studied. The sediment 

dispersal in GBM catchments connecting the upstream catchments to the downstream reaches 

in Bangladesh is further discussed based on the existing literature in Sect. 2.3.2. 

Examples of studies of fluvial sediment transport include the work of Islam et al. 

(2001), who used advanced very-high-resolution radiometer (AVHRR) images of 1996 and 

Landsat images of 1991. This work was designed to understand the seasonal and spatial 

variations of suspended sediment in the Ganges and Brahmaputra Rivers in Bangladesh for 

both high-discharge periods (June to October) and low-discharge periods (November to 

May). They found higher suspended sediment concentration (SSC) (1150 to 1375 mg/l) in the 

Ganges than the Brahmaputra (1000 to 1275 mg/l) in high-discharge period, whereas reverse 

scenario has been observed for low-discharge period. The significant fluctuations in SSC and 
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suspended sediment load along the Ganges and Brahmaputra River courses have been 

attributed to riverbank erosion and accretion, as well as the aggradation of riverbeds. 

Similarly, Islam et al. (2002) examined the distribution of suspended sediment 

through Landsat images of 1989 and 1991 in the coastal sea around the Ganges–Brahmaputra 

River mouth, showing that transportation and deposition of suspended sediments experience 

seasonal variations (SSC varies from 200 to 700 mg/l during low-discharge period and 1300–

1500 mg/l during high-discharge period). They also found that the suspended sediments are 

accumulated on the shallow shelf (between 5 to 10 m water depths) in the low-discharge 

period, and on the mid-shelf (between 10 to 75 m water depths) in the high-discharge period 

with an average rate of 2 cm/year. However, an empirical (exponential) relationship has been 

found between the gradual settle down of suspended sediments in the coastal area and its 

lateral distance from the turbidity maximum. Moreover, annual pluvial flooding during the 

monsoon period (Warner et al., 2018) due to short or prolonged precipitation (Falconer et 

al. 2009) in the southwestern coastal region of Bangladesh has become more intense and 

severe because of siltation in riverbeds and encroachment of drainage channels. This 

southwestern coastal region mainly comprises Ganges River floodplains, Ganges tidal 

floodplain, and old floodplain basins (Brammer, 2014). Consequently, Adnan et al. (2020) 

developed a sediment deposition model for southwestern coastal region of Bangladesh using 

flood data from Bangladesh Water Development Board (BWDB), precipitation data (1948–

2012) from Bangladesh Meteorological Department, and DEM data from Advanced Land 

Observing Satellite (ALOS). This model predicts that the increase in land elevation could be 

up to 1.4 m in every 5 years, which would alleviate land subsidence and modify several 

geomorphological factors such as curvature, slope, aspect, and Stream Power Index (SPI). 

SPI is a measure of the erosive power of surface runoff, which is considered as one of the 

factors that determine the river channel erosion, basin-scale variability in channel processes, 

morphology, and sediment transport potentiality (Moore et al., 1991; Pei et al., 2010; 

Khosravi et al., 2016; Kaushal et al., 2020). This study reveals that the implementation of 

tidal river management (TRM) in southwestern Bangladesh could potentially improve the 

physical condition of the natural drainage basin by reducing the value of SPI, which reduces 

the erosion potential of the surface. Besides, the limitations of the sediment deposition model 

have been mentioned in this study with available experimental sedimentation data. 
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2.2.2.3 River bank management 

Generally, floods often occur due to extreme condition of climatic triggers, and their effects 

are also conditioned by hydrological, geomorphological, and anthropogenic factors (Adnan et 

al., 2020). Bangladesh is prone to multiple flood hazards due to the frequent attacks of 

cyclones and the physiographic settings of large plain land (Rahman and Salehin, 2013). 

Consequently, riverbank erosion and accretion is a very common and dynamic process in the 

fluvial system of Bangladesh (Islam et al., 2014). A very recent study by Rashid et al. (2021) 

revealed that due to the route change, the Brahmaputra–Meghna in Bangladesh grabbed 

~ 2817 km2 of invaluable land resources and a newly developed ∼ 4563 km2 from 1971 to 

2014. The National Plan for Disaster Management (NPDM) describes that the Padma River is 

quite sensitive to erosion and accretion processes, significantly affecting the society and 

economy to hinder the further development along the riverbank areas (Islam, 2000; 

NPDM, 2006). Billah (2018) studied the Padma River erosion and accretion scenario from 

1975 to 2015, finding that the total amount of riverbank erosion in the 40-year period was 

49,951 ha of land (rate of 1249 hay−1) and accretion was 83,333 ha of land (rate of 2083 ha 

y−1), also causing the riverbank shift. Furthermore, Gazi et al. (2020b) studied the erosion–

accretion of Gorai–Madhumati River (a tributary of Ganges River), finding that the total river 

bank erosion of 80.84 km2 and accretion of 82.9 km2 over the years (1972–2018). The 

analysis also revealed that Gorai–Madhumati River experienced extreme sedimentation due 

to reduction in water discharge which consequently causes numerous problems in the river 

basin areas, and without attention and proper river management it will no longer exist with 

the present flowing condition. Also, the fluvial landform characterization studies of Biswas et 

al. (2021) depict that erosion and accretion of Madhumati River Basin (source of freshwater 

in southwestern hydrological region of Bangladesh) have increased during the flooding 

period of 1988 and 1998, and the basin boundary shifted toward east, which impacted 

negatively on floodplain resources, agricultural resources, and biodiversity. 

A large number of people live in floodplains of Bangladesh with vulnerability to 

floods and river erosion, and the number of causalities due to floods has become higher than 

the other natural disasters (Tingsanchali and Karim, 2005). In this connection, Hoque et al. 

(2011) evaluated the RADARSAT images of 2004 (June 5, July 24, and Sep 9) and Landsat 

images of 2000 (Feb 28 and Oct 25) as well as ground data for flood monitoring and mapping 

in the northeastern part of Bangladesh, concluding that this region is more prone to floods 
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than the other parts of Bangladesh. They also concluded that RADARSAT data can clarify 

questions related to the mapping of inundation areas more clearly and quickly than the 

Landsat imageries, where Landsat is often unavailable due to the cloudiness in monsoon 

season over Bangladesh. 

2.2.3 Plain land features 

The northwestern part of Bangladesh has been divided geomorphologically into a) uplifted 

blocks of terraced land called as Barind Tract, b) Himalayan piedmont plains, c) alluvial 

lowland along the Brahmaputra–Jamuna River, and d) alluvial lowland along the Ganges 

River (Kubo, 1993). On the other hand, the southwestern portion of the basin is formed by 

the deposition of the mainstream Ganges River and its numerous tributaries and distributaries 

(Alam et al., 2003; Ravenscroft, 2003). Therefore, for understanding the landscape 

development, a comprehensive geomorphic mapping is required in plain land, which is still 

missing mostly for Bangladesh (Oya, 1979; Mahmud et al., 2017). Nevertheless, Mahmud et 

al. (2017) identified major geomorphic units of the western Ganges delta and divided the 

geomorphic features into fluvial deltaic plain (FDP) and fluvio-tidal deltaic plain (FTDP). 

Also, this study depicts that elevated concentration of arsenic (As) occurs mainly in deeper 

FDP due to the absence of permeable layer between shallow and deep aquifer, whereas 

chloride concentration shows an increasing trend in groundwater from FDP to FTDP (north 

to south). Furthermore, geomorphological maps of Dhaka city have been prepared by Kamal 

and Midorikawa (2004) and Karim et al. (2019). In the northern district (Pabna) of 

Bangladesh, Islam et al. (2015a, b) also identified the different geomorphic units, including 

active channels, abandoned channels, natural levees, flood plains, flood basins, and lateral 

channel bars. 

However, morphometric analyses are a prerequisite for delineation of potential 

watershed (Aher et al., 2014) and water management aspects (Malik et al., 2019) where the 

hydrological information is unavailable. In this regard, Arefin and Alam (2020) focused on 

morphometric analysis for water resource management in the Dhaka city area. Their study 

suggests that surface water can be extracted from a fifth-order stream and can be supplied to 

the domestic area after water quality treatment. Furthermore, Arefin (2020a) identified the 

groundwater potential zones at the drought-prone Plio-Pleistocene highland in the northern 

part of Bangladesh using WLC and GIS-based multi-criteria evaluations for class 

normalization using Saaty’s AHP (Saaty, 1977). This study determines clay soil regions with 
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high slopes and roughness as low groundwater potential zones in this area. Similarly, 

groundwater potentiality identification and prediction studies have been conducted in two 

metropolitan cities of Dhaka and Chittagong by Arefin (2020b) and Akter et al. (2020), 

respectively. 

2.2.4 Coastal features 

As a transitional zone between land and water, the coastal zone is one of the most dynamic 

and unstable geomorphic units in Bangladesh (Minar et al., 2013; Brammer, 2014). The 

coastal environment is governed by terrestrial and marine forces (Kabir et al., 2020), and the 

coastal vulnerability of Bangladesh is largely controlled by the geomorphic processes of the 

GBM river basins (Islam et al., 2015a, b). Also, the external forces, including water-logging, 

soil erosion, salinity intrusions, sea level rise, cyclone, storm surge, and tsunami, adversely 

affect the morphological settings of the coastal environment and negatively impact coastal 

area development activities (CZPo, 2005; Barua et al., 2010). Ahmed et al. (2018) focused on 

land dynamics of the entire coastal zone (western, central, and eastern) and determined a net 

gain of 237 km2 (annual average of 7.9 km2) of land from 1985 to 2015. This study also 

revealed that both erosion and accretion rates are higher in the central zone compared to the 

western and the eastern zones of the coastal area. Shibly and Takewaka (2012) studied the 

morphological changes along the western–central coast in 1989–2010, which obtains a large 

volume of discharge from the GBM river system through Sibsha, Pasur, and Baleswar River 

(Allison et al., 2003; Iftekhar and Islam, 2004). They found that the western–central shoreline 

in 2000–2010 was more stable than its previous decade (1989–2000). They also found that 

the mangrove-covered area is changing more significantly compared to the flat sandy beach, 

in contrast to the thought that mangrove stabilizes the land. Also, Alam and Uddin (2013) 

mentioned that, over the last 34 years (1977–2010), the coastal areas and the offshore Island 

of Bangladesh gained 139 km2 of land from continuous erosion and accretion process. 

However, based on the Coastal Vulnerability Index (CVI) methods (Thieler and Hammar-

Klose, 1999; Doukakis, 2005; Diez et al., 2007): Islam et al. (2015a, b) showed that the 

western coast of Char Fasson and the northern and southwestern coast of Bhola Island (Bhola 

Sadar) are the most vulnerable coastal regions of Bangladesh. Likewise, Miah et al. (2020) 

also applied CVI (Szlafsztein and Sterr, 2007, 2010; Mahapatra et al., 2014) by combining 

both the Physical Vulnerability Index and Social Vulnerability Index for the southeastern 

coast (Chittagong district) of Bangladesh. This study revealed 43% of the total southeastern 
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coastal area as highly vulnerable to flooding, storm surges, and cyclones, and the rural area is 

more prone to disaster impacts than the urban area. 

2.3 Fluvial processes of GBM from upstream to downstream 

As reviewed above, among various geomorphic features, fluvial processes are the major 

factor forming the landscape of Bangladesh. Here, the author reviews the studies on fluvial 

processes in further details. For the understanding of the downstream fluvial processes, 

fluvio-sediment dynamics of the upstream of GBM catchments are crucial and the author first 

summarizes river hydrology, river system, sediment transport, and discharge therein. Then, 

the author discusses geomorphic knowledge gap regarding the connectivity between the 

upstream and downstream domains and motivate larger-scale (beyond country scale) fluvial 

geomorphic studies. 

2.3.1 Fluvial processes of Bangladesh in response to upstream GB 

2.3.1.1 River hydrology 

The annual flow pattern of large Himalayan (Ganges and Brahmaputra) and peninsular river 

(Mahanadi, Tapi, Kaveri, etc.) system suggests that these rivers are mostly characterized by 

non-monsoonal low or no flow (7–8 months), common monsoon flow (4–5 months), and 

occasional large magnitude flow during monsoon (Kale, 2005). Except for the catchment of 

the Brahmaputra in Tibet, all other drainage basins of the GBM River falls within the 

monsoonal regime of South and Southeast Asia, where rainfall pattern varies significantly, 

for example 743 mm/y in Tibetan Plateau, 1349 mm/y in Himalayan belt, and 2354 mm/y in 

floodplain (Immerzeel, 2008). Consequently, 80–95% of water discharge is observed in the 

Ganges and Brahmaputra during southwest monsoon (June to November) (Subramanian and 

Ramanathan, 1996), which led to a concurrent increase in sediment discharge (Mukherjee et 

al., 2009). For instance, the Ganges, Brahmaputra, and Meghna discharges 70,792,116 kg/s, 

over 70,792,116 kg/s and 14,158,423 kg/s, respectively, at lower reaches during monsoon 

flood season (Coleman, 1969). The monsoonal dominancy of annual discharge at the GB 

basin has also been mentioned in earlier studies of Kale (2005) and Mahanta et al. (2014). 

The monsoon-dominated rainfall and melting of the Himalayan snow from the upper GB 

river system cause a large magnitude of floods in downstream Bangladesh and therefore 

impact fluvial dynamics, but this process remains unclear or not studied (Fig. 2.2). 
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Fig. 2.2 Gains and losses of land on the Brahmaputra–Ganges–Meghna delta front in 1984–

2007 (after Brammer 2014). 

2.3.1.2 GBM River system dynamics 

The drainage network map of Ganges–Brahmaputra–Meghna River (Fig. 2.3) shows that 

several tributaries of the Ganges (Yamuna, Ghagra, Gandak, Kosi, Chambal, Son, etc.) and 

the Brahmaputra are draining toward the Bay of Bengal (BoB) forming the major delta in the 

Bengal basin (Subramanian and Ramanathan, 1996; Sinha, 2004). The drainage development 

of the Ganges–Brahmaputra is generally derived from several factors such as tectonics and 

climatic patterns in the lowland area (Gupta, 1997; Friend et al., 1999). The longitudinal 

profile of the Ganges shows a sharp change in a gradient from steeper mountains to the 

gentler downstream plains (Fig. 2.4). The Brahmaputra River profile shows relatively low 

gradient in the upstream reach but drastically drops to the Assam plains (Gupta, 2007; 

Mahanta et al., 2014; Ray et al., 2015), resulting in abundant sediment deposition and 

formation of braided channels in the downstream reach (Pangare et al., 2021). Overall, the 

deviations of the Ganges–Brahmaputra River longitudinal profile are related to the 

Himalayan tectonics, water discharges, and sediment load characteristics of these basins 

(Seeber and Gornitz, 1983; Goswami, 1985; Gupta, 2007). 

https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#Fig3
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR210
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR199
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR76
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR64
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#Fig4
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR77
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR131
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR176
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR155
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR239
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR74
https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-022-00500-8#ref-CR77


Chapter 2: Geomorphological processes and their connectivity in hillslope, fluvial, and coastal areas 

in Bangladesh: A review 

22  

 

Fig. 2.3 GBM river basin elevation and drainage network. The elevation is prepared based on 

NASA-DEM (30 m resolution). The yellow, red, and green circles denote the in situ gauging 

stations for discharge estimations. 

Fig. 2.4 Longitudinal profiles of Ganges–Brahmaputra–Meghna showing the entire flow 

path. Compiled from several sources (JICA report, 2005; Rahim et al., 2008). 



Chapter 2: Geomorphological processes and their connectivity in hillslope, fluvial, and coastal areas 

in Bangladesh: A review 

23  

 

In the southeastern center of the Tibetan Plateau, glaciers feed the Tsangpo-

Brahmaputra River, and the increased rates of snow and glacial melt are likely to increase 

summer flows in the downstream Brahmaputra (Immerzeel, 2008; Bolch et al., 2010). 

Remarkably, the behavior of the Himalayan rivers (intense slope failure, landslide, and debris 

flow resulting from earthquake or intense rainfall) changes as they enter into the Indus–

Ganga–Brahmaputra plain by shifting river course and changing morphology and bedforms 

due to heavy discharge and sediment load (Goswami, 1985; Sinha and Friend, 1994; 

Kale, 2005). For instance, the 1897 and 1950 earthquakes impacted Brahmaputra River 

sediment supply (bed load increases) and channel morphology in Assam, India 

(Coleman, 1969). An integrated drainage network has been formed at Brahmaputra River in 

India (Assam), where braided channels composed of mainly fine sand with various 

dimensions of rivers are developed, including straight, sinuous, meandering, tortuous, 

braided, anastomosing, anabranching, and reticulate features (Sarma, 2005). After crossing 

India (Assam), the Brahmaputra enters Bangladesh (about 47,000 km2 of total 

580,000 km2 drainage basin) after traveling 220 km from the Indian border along the northern 

area (Kurigram) through Himalayan flows (Sarma, 2005; Sarker et al., 2014) and started to 

avulse linearly into the southward passage from the beginning of the eighteenth century 

(Bandyopadhyay et al., 2021). The bed scours depths of up to 40 m with a combined channel 

pattern of braided and anastomosing makes the Jamuna extremely dynamic and critical in 

devising engineering strategies, which implies the necessity of proper interpretation of 

ancient sediments and sea level changes (Bristow, 1987; Best and Ashworth, 1997; Thorne et 

al., 1993; Peters, 1993; Ashworth et al., 2000). In addition, the Jamuna is continually 

changing due to rapid rates of bar migration, bank erosion (up to 1 km per year), and shifting 

of braid belts (usually up to 5 km wide) (Klaassen and Masselink, 1992; Hossain, 1993; 

Ashworth and Lewin, 2012). Apart from natural processes, the Brahmaputra–Jamuna river is 

continuously facing various anthropogenic stressors like frequent land-use change, 

channelization, and regulations of normal river flow (Gupta et al., 2019) (i.e., Teesta barrage 

at its upstream, Jamuna multipurpose bridge, etc.), which emphasizes the implementation of 

sustainable solutions (Pradhan et al., 2021). For instance, the present site of the Jamuna 

multipurpose bridge was selected based on the geomorphological study conducted by Oya 

(1979). 

On the other hand, draining from southern Tibetan uplift, the Ganges main channel 

had major movements in the historical period (after 1857), which caused highly irregular 
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shapes of valley (Hedge et al., 1989). The Ganges in India traverses through rugged 

mountains to flat alluvial plains, crossing various climatic zones with extensive erosional 

processes (Sinha, 2004; Jain et al., 2012). Nevertheless, regarding the source area (mountains 

catchments), alluvial plains, and deltaic plain, the Ganges river system shows unique fluvial 

processes where upstream flows control the landform development (Sinha, 2004). From two 

major branches of the Ganges (Bhagirathi and Padma in India), the Padma flows 

southeastward along the India–Bangladesh border and then takes eastward flow through 

Bangladesh (about 34,188 km2 of total 980,000 km2 drainage basin) to join with the 

Brahmaputra or Jamuna, forming the largest Ganges–Brahmaputra delta in the world (Islam 

et al., 1999). The bankline migration of the Ganges/Padma in Bangladesh shows that both the 

left and right banks do not follow the same direction (rightward) and are highly dependent on 

the localized factors and sedimentary features. Moreover, the Ganges is affected by human 

intervention, including the construction of Farakka Barrage by India in 1975 at 18 km 

upstream from the India–Bangladesh border, and is responsible for erosion both in India and 

in Bangladesh (Sarker, 2004; Rahman and Rahaman, 2018). 

At the downstream GB basin, the Meghna has combined flow of Ganges–

Brahmaputra/Jamuna into the Bay of Bengal, forming lower Bengal delta near Bangladesh 

coast. Hence, Bangladesh’s coastal area has become more diverse and dynamic than it 

generally appears where rapid geomorphological changes are occurring in the Meghna 

estuary (Allison, 1998a, b; Brammer, 2014). The Meghna catchments experienced a net gain 

of 451 km2 with a growth rate of 19.6 km2/y over 1984–2007. Noticeably, despite gaining 

land in Meghna estuary, it showed considerable land losses along the east of Sandwip Island, 

north of Hatia, and northeast of Bhola Island, whereas erosion is gradually increasing 

eastward in the southwestern coast along the Hooghly estuary in India (Fig. 2.2) 

(Allison, 1998a, b; Brammer, 2014). 

Fluvial studies of the upper Ganges in India had been thoroughly reviewed and 

updated by Sinha (2004) and Jain et al. (2012), respectively, whereas the fluvial research of 

the lower GBM (Bangladesh) regarding the causes of anomalous channel behavior, riverbank 

migration, erosion and accretion, sedimentation in tidal floodplains and coastal process is not 

fully investigated or conducted at small scale or has spare literature (as mentioned in 

Sect. 2.2). 
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2.3.2 Fluvial sediment dynamics of Bangladesh in response to upstream GB 

2.3.2.1 GBM sediment production 

The Trans-Himalayan batholiths, Tethyan Sedimentary Series, High Himalayan Crystalline 

Sequence, Lesser Himalayas, the Deccan Traps, the Shillong Massif, and Tripura fold belt are 

the source areas of GBM basin sediment, where the Indus-Tsangpo suture is connecting the 

sediment sources between Asia and India (Galy et al., 2010; Goodbred et al., 2014) (Fig. 2.1). 

Through the Indus-Tsangpo suture, the Brahmaputra traverse via Namcha Barwa syntaxis 

which encompasses only 4% of Brahmaputra’s catchment but contributes about 45 ± 15% of 

sediment load (Singh and France-Lanord, 2002; Garzanti et al., 2004; Stewart et al., 2008; 

Goodbred et al., 2014). Beneath the syntaxis (drops for 2 km elevation), the Brahmaputra 

flows into low-lying Assam Valley and Himalayan foreland, where the rest of the load is 

supplied from the Himalayan tributaries (Goodbred et al., 2014). 

On the other hand, after originating along the Tibetan border in north India, the 

Ganges headwater drained large areas of Himalayan front slope and its entry point to Bengal 

basin, the Ganges derived 90 ± 5% sediment load from the high Himalayan areas 

(Wasson, 2003; Singh et al., 2008; Lupker et al., 2012; Goodbred et al., 2014). Furthermore, 

the erosion intensity and sediment sources of upstream Himalayan Ganges catchments had 

been mapped in several studies (Narayan et al., 1983; Subramanian and Ramanathan, 1996; 

Sinha et al., 2002; Vaidyanathan et al., 2002). The different estimates of suspended sediment 

load from the GB river system have been documented in various studies and are summarized 

in Table 2.1. The sedimentation in the downstream reaches of the GB is related to the 

lowland fluvial processes and aggradation/degradational behavior of midstream alluvial 

reaches, which may create such variability of sediment load estimations among the 

researchers (Goswami, 1985; Islam et al., 1999; Jain et al., 2012). Nevertheless, the sediment 

load values comprise significant uncertainties, and exact values cannot be determined despite 

continuous decadal observations due to wide diurnal, seasonal, and annual variations in the 

sediment transport capacity of the GB Rivers (Subramanian and Ramanathan, 1996; Islam et 

al., 1999). The Brahmaputra has higher suspended load than the Ganges (Coleman, 1969; 

Milliman and Meade, 1983; Islam et al., 1999), because the eastern Himalayan range has 

higher precipitation and higher erosion rates than the western part (Galy and France-

Lenord, 2001). Nevertheless, according to various estimates of sediment transport in several 

studies, it can be mentioned that the aggradation or degradation processes in the mid-
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(Mt/y) (reference) (Mt/y) (reference)

375 NEDECO (1967) 750 NEDECO (1967)

1600 Holeman (1968) 800 Holeman (1968)

485 Coleman (1969) 617 Coleman (1969)

520 BWDB (1972) 541 BWDB (1972)

680 Milliman and Meade (1983) 1157 Milliman and Meade (1983)

328* Abbas and Subramanian (1984) 402* Goswami (1985)

729* Abbas and Subramanian (1984) 710* Subramanian (1987)

403 Singh (1988) 650 Hossain (1992)

316 Islam  et al. (1999) 721 Islam et al. (1999)

550 CEGIS (2010) 590 CEGIS (2010)

Suspended sediment of Ganges river Suspended sediment of Brahmaputra river

* Estimated at Indian reach and rest of the estimate stands for Bangladesh.

NEDECO: The Netherlands Engineering Consultants Ltd.;

CEGIS: The Center for Environmental and Geographic Information Services.

downstream alluvial reaches are quite complicated, causing significant variability of 

deposition rates in the downstream reaches (Jain et al., 2012). 

Table 2.1 Estimates of suspended sediment load (million tons/year) of the Ganges–

Brahmaputra River from different studies (updated after Islam et al., 1999) 

2.3.2.2 Sediment discharge 

The GBM river system in combination discharges 1 × 1012 m3 of water and 1 × 109 t of 

sediment per year to the Bay of Bengal (Goodbred and Kuehl, 1999; Wasson, 2003; Akter et 

al., 2016), of which 440 × 106 t/y and 540 × 106 t/y is contributed by Ganges and 

Brahmaputra, respectively (Milliman and Syvitski, 1992). According to Islam et al. (1999), 

the Ganges and the Brahmaputra in combination carried 1037 million tons/y of sediment into 

Bangladesh, of which about 525 million tons/y (51%) reaches the sea, 289 million tons/y 

(28%) deposited on land to balance the basin subsidence, and the remaining 223 million 

tons/y (21%) is deposited on the riverbeds. In turn, about 49% of the total sediment budget is 

trapped or deposited before the coastal region (Islam et al., 1999). This contributes to the 

intense monsoon flooding that facilitates the longer overbank flow (Ashworth and 

Lewin, 2012). The suspended sediment load estimation of the Ganges, Brahmaputra, and 

combined GB River was derived from the gauging data from the Hardinge Bridge, 

Bahadurabad, and Mawa stations (160 km downstream of Hardinge Bridge), respectively 
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(Fig. 2.3). The aggradation of the Brahmaputra River (> 14.7 mm/year) suggests that around 

30–40% of GB sediment flux is estimated to be deposited in Bangladesh deltaic region before 

being transferred into the ocean (Goodbred and Kuehl, 1999; Jain et al., 2012). Moreover, the 

Ganges Riverbeds are aggrading about 3.9 cmy−1, 2.5 times higher than the Brahmaputra in 

Bangladesh (Islam et al., 1999). 

Recently, Dietrich et al. (2020) provides a first-order estimate of the yearly discharge 

of elements in the suspended sediment load to the BoB by the Ganges–Brahmaputra based on 

the dataset of Garzanti et al. (2011) that includes grain size, suspended sediment 

concentration, mineralogy, and element concentrations for suspended load samples collected 

at 0 to 24 m depths from locations in the Ganges (downstream of Hardinge Bridge), 

Brahmaputra (Sirajganj to Jamuna Bridge), and Padma (near Mawa) rivers during the 

monsoon season. This study shows that, on average, the GBM system transport 

0.7 × 109 tons/y sediments to the BoB, contributing ~ 5% of the global riverine discharge of 

solid-phase elements. These elements are relatively enriched in Hf (hafnium), Zr (zirconium), 

Th (thorium), REEs (rare earth elements), Sn (tin), and Bi (bismuth), largely reflecting the 

nature of Himalayan source material. Moreover, it should be mentioned that future 

anthropogenic changes such as large-scale damming projects could significantly alter the 

delivery of sediment into the BoB, i.e., completion of the proposed National River Linking 

Project (NRLP) in India may reduce the annual suspended sediment load in the Ganges and 

Brahmaputra by 39–75% and 9–25%, respectively (Higgins et al., 2018). Also, future climate 

change scenarios projected the increase in sediment discharge by 34–37% in the Ganges and 

52–60% in the Brahmaputra by the end of the twenty-first century (Darby et al., 2015). 

Unfortunately, the quantitative sediment budget studies of Islam et al. (1999) and 

Dietrich et al. (2020) do not consider the sedimentation at lower Meghna (after Padma River 

between Mawa and the mouth of these rivers), which is naturally dynamic and also 

altered  by various anthropogenic stressors. Also, the mechanism or process of sediment 

dispersal including sediment connectivity pattern from the erosion-dominated upper GB to 

the lower Meghna (tide and wave dominated) has not been fully mentioned or understood. At 

the lower GB, the main channel of the Meghna River, which is composed of braided and 

meandering channel sediments from the Brahmaputra/Jamuna and Ganges (Mukherjee et 

al., 2009), contributes significantly to the stratigraphy of main delta downstream (Goodbred 

et al., 2014). Furthermore, the downstream delta is also dominated by tidal wave rather than 
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runoff where Meghna–Surma (both fluvial and tidal) sediments contribute considerably 

(Islam et al., 2002). The sediment load of GBM delta is geochemically distinct, which makes 

this a potential location to unravel the dynamics of multiple fluvial systems interacting within 

a tectonically active basin (Goodbred et al., 2014; Li et al., 2020). Thus, the suspended load 

data, aggradation scenario, and projected sediment load estimation suggest disconnected or 

partially connected Himalayan foreland, where the eroded sediments from Himalayan could 

not reach the downstream sink area. Therefore, the geomorphic connectivity from the 

Himalayan to the BoB might be affected by sediment trapping before the mouth of these 

GBM rivers. Hence, the basin-wide integrated investigation from source to the mouth 

focusing on the lower Meghna reach may provide insights into quantifying annual sediment 

released by the GBM river system into the BoB. A conceptual diagram that shows the 

geomorphic connectivity impeded by sediment trapping within the GBM basin from the 

existing studies is presented in Fig. 2.5. 

Fig. 2.5 A conceptual diagram showing the geomorphic connectivity from the Himalayan 

upstream to the BoB based on the existing literature (Goodbred and Kuehl, 1999; Islam et 

al., 1999, 2001; Wasson, 2003; Garzanti et al., 2011; Jain et al., 2012; Dietrich et al., 2020). 

On the right side, sediment contribution from upstream two major basins is shown. On the 

left side, the connected (1) and partially connected (2) or disconnected (3) geomorphic 
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systems are visualized from source to sink areas. The fluvial sedimentation processes (i.e., 

excessive sediment sequestering, riverbed aggradation) and anthropogenic stressors (i.e., 

river engineering, barrage, and dam construction) may change the geomorphic connectivity in 

the GBM river system. The altering geomorphic connectivity from connected to partially 

connected or disconnected, impeded by sediment trapping, may significantly impact the 

GBM river’s hydro-geomorphic system. Mt/y denotes the million tons per year. 

As noted, the GBM river supports over 150 million people at downstream reaches 

(Bangladesh), which are vulnerable to the impacts of relative sea level rise, climate changes, 

annual floods, shifts in land use, and water management (Brammer, 2014; Goodbred et 

al., 2014). Accordingly, based on the findings by Miah (1988) and Brammer (1990a, b), it 

was reported that more than 56.9% of total areas of Bangladesh are flooded annually due to 

monsoon rainfalls and increased water discharge from the upstream Himalayan area 

(BGS/DPHE, 2001). Also, Coleman (1969) estimated that during flood events, sand bars 

migrated at a rate of 300–450 m/day or even up to 600 m/day, and channel area increased 

about 300% in the Brahmaputra. Besides, Singh et al. (2007) reported that floods in the 

Ganges are also strongly influenced by high sediment discharge and water volume, and this 

has also been mentioned by the other studies (Wallick et al., 2007; Ahmed and Fawzi, 2011; 

Yao et al., 2011; Rozo et al., 2014). It is obvious that sustainable river management is 

demanded and challenged in the large GBM river, which tends to flow in international basins 

(Gupta, 2007; Rasul, 2014). However, the lack of publicly available long-term and spatially 

distributed hydrological data (discharge and river characteristics) at a basin-wide scale limits 

the understanding of hydrological and geomorphological processes of the GBM river basin 

(Kibler et al., 2014), which is a prerequisite for sustainable water resource management in 

this downstream region (Fischer et al., 2017). Being a downstream country, Bangladesh faces 

many challenges in coping with altering geomorphic characteristics of the large GBM river 

basin and is often dictated by decisions taken outside its border. Hence, the relevant case 

studies of geomorphic research in Bangladesh and subsequent discussion on large-scale 

fluvial sedimentation on the GBM river system will enhance our understanding, which may 

be helpful to improve the government policies or strategies regarding integrated river basin 

management more sustainably. Technical challenges related to river management may arise 

from a lack of scientific understanding of river basins or imperfect engineering skills to 

manage according to that understanding (Stanley and Boulton, 2000). The existing policies, 

plans, guidelines, and laws related to the integrated water resources management (IWRM) in 

Bangladesh also emphasize the understanding of the geomorphic process in GBM for 
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sustainable development (Alam and Quevauviller, 2014). Hence, the understandings of the 

fluvial geomorphic processes of upstream dominated large GBM river basins at a regional 

scale is essential to enhance the transboundary cooperation among the basin sharing countries 

like China, Nepal, Bhutan, and India. 

However, the different case studies of fluvial geomorphic research at the downstream 

Ganges–Brahmaputra (Bangladesh) presented here do not involve a full potentiality of 

remote sensing techniques or tools in fluvial geomorphology. Therefore, applying the 

advanced remote sensing techniques and field-based approaches to fluvial research (e.g., 

Oguchi et al., 2022) in the future may provide a new dimension of fluvial geomorphic 

research in the hazard-prone deltaic landscape of Bangladesh. Also, our study is limited by 

collecting the estimates of suspended load at the different reaches of the Ganges–

Brahmaputra River basin, which does not describe the sampling procedure and methods of 

suspended load calculation of each study mentioned in Table 2.1. Therefore, clarifying 

different methodologies of suspended load estimation may be necessary to understand better 

the large variations of suspended load estimations among the researchers and the sediment 

budget of the Ganges–Brahmaputra River basin from the Himalayan to the Bay of Bengal. 

2.4 Future perspective of geomorphic research in Bangladesh 

Modern quantitative geomorphological researches on hillslope, glacial, fluvial, and coastal 

processes have been significantly benefited from the availability of medium-to-high-

resolution (10‒90 m cell size) DEMs (e.g., SRTM, ASTER G-DEM, TanDEM-X) and 

satellite images (e.g., Landsat, MODIS, and Sentinel 1–3) at regional and global scales for 

free or at a low cost (Oguchi and Wasklewicz, 2011; Bishop, 2013; Hackney and 

Clayton, 2015; Otto et al., 2018; Oguchi et al., 2022). Although it is beyond the scope of this 

article to give a full overview of potential applications and improvements of geomorphic 

research considering the availability of remote sensing techniques and tools, here the author 

explores some research gaps between recent advancement of geomorphological researches 

and earlier geomorphic studies of Bangladesh and provide future perspectives on the better 

understandings of the geomorphic processes in the context of the upper Ganges–Brahmaputra 

dominated Bangladesh. 
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2.4.1 Mountain areas 

Notably, there has been an exponential growth of scientific research on mountain and 

hillslope environments in recent decades (Stoffel and Marston, 2013; Slaymaker and 

Embleton-Hamann, 2018; Carrión-Mero et al., 2021). Landslide susceptibility mapping is one 

of the major topics frequently assessed in mountainous and hilly areas. Hence, the landslide 

susceptibility mapping based on quantum particle swamp optimization (QPSO)–alternating 

decision tree (ADTree) algorithm can be a promising tool for managing landslide disaster in 

complex mountainous terrain, successfully applied in Sikkim Himalayan (Islam et al., 2021). 

Although some studies on landslide susceptibility mapping or modeling have been carried out 

in hilly (CHT) areas of Bangladesh (Ahmed et al., 2014; Ahmed and Dewan, 2017; Rahman 

et al., 2017; Rabby and Li, 2020; Abedin et al., 2020), those approaches based on airborne 

LiDAR, Synthetic Aperture Radar (SAR), and UAS data are mostly missing. The use of such 

advanced remote sensing datasets with a high resolution or accuracy should benefit the 

improved assessments of mountain hazards at a local scale. Therefore, it is anticipated to 

perform remote sensing-based geomorphic research on hilly regions and steep slopes. The 

development of open access database of such remote-sensing datasets will contribute 

toestablishing a landslide early-warning system to protect the landslide vulnerable 

community of the CHT region. 

2.4.2 Fluvial environments 

After analyzing the fluvial processes of the Indian part of the Ganges–Brahmaputra delta, 

Subramanian and Ramanathan (1996) and Rudra (2014) mentioned the unavailability of time-

series data in the upper GBM catchments and had some limitations. For instance, the work of 

Rudra (2014) was criticized and rectified by Bandyopadhyay et al. (2015) regarding the 

delineation of the Bengal basin, deltaic evolution, and discharge data for a better 

understanding of the fluvial geomorphic processes. However, the studies about the fluvial 

channel dynamics concerning Bangladesh have been started after 1990s and most of the 

geospatial studies have been dealing with river channel shifting (Sarker et al., 2014; 

Islam, 2016; Dewan et al., 2017; Akhter et al., 2019; Gazi et al., 2020a), riverbank line 

shifting, riverbank erosion, and accretion (Billah, 2018; Gazi et al., 2020b; Biswas et 

al., 2021). Accordingly, the research on the formation of an alluvial channel, causes of 

channel migration, anthropogenic impacts on fluvial system, and processes of anomalous 

channel variations at the downstream GBM River is still sparse or even missing. Further 
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extensive studies are therefore required to understand better the fluvial settings considering 

the upstream to downstream hydro-geomorphic connectivity. Besides, the encouragement for 

fluvial geomorphic research in this understudied region can be taken from fluvial research 

advancement mentioned by Stott (2013), Wohl (2014), Piégay et al. (2015), and Oguchi et al. 

(2022). Hence, it is necessary to extend the geospatial research on the fluvial channel 

dynamics and connectivity, especially with a detailed river basin morphometric analysis at 

various spatiotemporal scales for predicting the morphological changes along the GBM basin. 

For example, hotspot zonation of riverbank erosion could be assessed with advanced 

techniques in the downstream Bangladesh. 

On the other hand, the advancement in the application of remote sensing and GIS for 

riverbank management, including flood monitoring and risk assessment, has significantly 

facilitated in the last two decades (Sanyal and Lu, 2004). Also, the use of satellite data for 

flood forecasting and monitoring is more frequent in developed countries than in the 

developing country like Bangladesh, where the geospatial data usability largely depends on 

the availability of cloud-free open access data. Nevertheless, in Bangladesh, most of the 

riverbank management studies are confined to post-flood monitoring (Hoque et al., 2011), 

flood susceptibility mapping (Rahman and Salehin, 2013; Sarker and Rashid, 2013a, b; 

Adnan et al., 2019; Sarkar et al., 2022), flood inundation mapping, and some small-scale 

watershed morphometric studies (Rahaman et al., 2017; Jahan et al., 2018). Consequently, a 

detailed hydro-geomorphological study of the major watershed floodplain at different spatial 

and temporal scales is required to make some meaningful flood hazard maps, prediction of 

extreme flood effects, flood forecasting, and warning based on watershed morphometric 

analysis and damage assessment in Bangladesh. 

Furthermore, the large discharge and heavy sediment load affect the unstable 

conditions of the Ganges–Brahmaputra–Meghna Rivers, where channels are constantly 

migrating. However, despite the high possibilities of sediment disasters, only a few studies 

have been conducted considering the mechanisms of fluvial sediment transport and dynamics 

in the active downstream GBM basins. Some of the studies are linked to the distribution of 

suspended sediment concentration at a small scale in Bangladesh (Islam et 

al., 1999, 2001, 2002; Adnan et al., 2020). It should be noted that fluvial sediments are 

transported to Bangladesh from upstream source areas, and therefore studies on sediment 

dynamics need to describe the sediment connectivity and transportation pathways at a 
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watershed scale. Researches on sediment connectivity and hydrological connectivity are 

growing rapidly in different hydro-geomorphic setting across the world at various spatial and 

temporal scales, which includes 26 different countries including the Ganges basin in India 

(Cavalli et al., 2013; Najafi et al., 2021; Mishra et al., 2019; Swarnkar et al., 2020). However, 

such studies have not been carried out yet in the downstream basins in Bangladesh, which is a 

sink area connected to the large upstream basins of the Ganges–Brahmaputra River system 

and highly prone to repeated sediment disasters. Despite the significance of the entire 

Ganges–Brahmaputra River system, modeling of the basin-scale sediment dynamics based on 

climate change scenarios, connecting the upper (China, Nepal, Bhutan, and India) and lower 

(Bangladesh) Ganges–Brahmaputra basins, has been limited (Khan et al., 2018). Therefore, it 

is obligatory to extend the geomorphic studies, specifically on sediment yield estimation, 

sediment budgeting, rainfall–runoff relationship, sediment connectivity, and sediment 

transport mechanisms connecting upstream erosion zone to the downstream deposition zone 

in Bangladesh. Geospatial modeling of sediment dynamics for the downstream GBM river 

basin based on the rapidly changing river morphology is also necessary to facilitate the 

research findings for disaster countermeasures. 

2.4.3 Plain land and coastal areas 

Although comprehensive geomorphic mapping is essential for landscape development and 

urban development, this important section is mostly ignored for the national development 

program of Bangladesh. Most of the plain land geomorphic studies in Bangladesh have been 

related to geomorphic mapping or identification of geomorphic units (Kamal and 

Midorikawa, 2004; Islam et al., 2015a, b; Mahmud et al., 2017; Karim et al., 2019; Arefin 

and Alam, 2020) and identification of groundwater potential zones (Arefin, 2020a, 2020b; 

Akter et al., 2020), but their accuracy and precision have been somewhat limited. Therefore, 

comprehensive geomorphic studies of active plain land are required for proper landscape 

assessment and management in the densely populated areas in Bangladesh, where the 

framework of Thorne (2002) can be considered as a blueprint for geomorphic studies of large 

rivers like the Ganges and Brahmaputra. 

The ununiformed sea level rise along the coast due to high sediment dispersal from 

the GBM river system makes the delta system more complex and vulnerable (Islam, 2011; 

Rashid et al., 2013; Sarwar, 2013; Karan, 2015). Nevertheless, the coastal geomorphology of 

Bangladesh is poorly understood, where most of the coastal geomorphic studies are restricted 
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to shoreline shifting (Shibly and Takewaka, 2012; Islam et al., 2013; Kabir et al., 2020), 

coastal erosion and accretion (Rahman, 2012; Alam and Uddin, 2013; Sarker et al., 2013; 

Sarwar and Woodroffe, 2013; Hussain et al., 2014), and morphological studies (Islam et 

al., 2015a, b; Miah et al., 2020) at small scale. Hereafter, further research is obligatory 

considering the long-term changes in the sediment supply from the GBM basin, associating 

the coastal morphological changes and relative sea level rise throughout the Bangladesh 

coast, which is critical to protect about 35 million people therein (Ahmad, 2019). For this 

purpose, some coastal geomorphological research trends and challenges mentioned in French 

and Burningham (2009) can be considered as well for further improvement in coastal 

geomorphic research in Bangladesh. 

2.4.4 General plain land 

The above-mentioned earlier geomorphic researches provide some understandings of the 

evolution pattern of landforms, channel diversion, discharge variability, and sediment 

estimation at a country scale, but geomorphic studies at larger spatiotemporal scales have 

been limited in Bangladesh. Also, the causes of discharge (water and sediment) variability 

patterns, aggradation, deposition, upstream to downstream sediment connectivity patterns, 

and human-induced perturbation on river geomorphology have not been mentioned or studied 

clearly. Furthermore, the projection of future behavior of river formation at different 

spatiotemporal scales based on fluvial geomorphology, hydrology, and meteorology does not 

exist in these areas, but these are important for understanding the watershed-scale landscape 

development and the sustainability of the river basin management. 

2.5 Conclusions 

Although the review of earlier geomorphic studies provided here generally focuses on some 

significant knowledge and research gaps in one country (Bangladesh), the author proposes 

the necessity of exploring the wider area studies on fluvio-geomorphic and sedimentation 

processes in the entire GBM basin, from the upstream erosion prone zone (China, Nepal, 

Bhutan, and India) to downstream deposition zone (Bangladesh). The bankline migration, 

human interventions, and tidal processes in the Ganges; avulsion, sedimentation, erosion and 

accretion, and river channel dimensions in the Brahmaputra; shoreline shifting, erosion, and 

migration of the Ganges–Brahmaputra confluence have often been investigated at a small 

scale (country scale). However, the aggradation in the Ganges floodplain and retention of 
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suspended sediment within the Brahmaputra channel are impacted by the upstream fluvio-

sedimentation processes of the GBM river system, where the geomorphic connectivity from 

Himalayan to the Bay of Bengal is affected by sediment trapping before the mouth of the 

GBM rivers. Therefore, integrated regional research or basin-wide studies are required for 

comprehensive understanding of the fluvial processes and sediment dispersal mechanisms 

from upstream to downstream GBM concerning Bangladesh. In particular, the advanced 

remote sensing techniques (such as UAS imagery, LiDAR) for geomorphological research, 

which are encouragingly used in neighboring countries like China (Le Heron et al. 2019), 

India (Ramsankaran et al., 2020; Dhote et al., 2022), Bhutan (Dunning et al., 2009; Tempa et 

al., 2021), Nepal (Immerzeel et al., 2014; Kraaijenbrink et al., 2016; Van Woerkom et 

al., 2019), Pakistan (Khan et al., 2021), and in other parts of the worlds (Śledź et al., 2021), 

will improve the understandings of landscape evolution and fluvial dynamics not only in the 

upper Ganges–Brahmaputra but also the entire watershed scale including the downstream 

reaches in Bangladesh. 

In summary, the literature review and discussion presented here provide very first step 

toward developing a detailed and documented understanding of the fluvio-geomorphic 

dynamics in the GBM River. We conclude that the fluvial geomorphic research at different 

spatial and temporal scales is a prerequisite for a large-scale basin management which is still 

missing here, for which the advancement from the present geomorphic research aptitude is 

necessary to solve a wide range of problems related to sustainable river basin management 

and disaster risk reduction. Also, the government policymaker can get a comprehensive idea 

from the subsequent discussion on the fluvial geomorphic research scale (borderless or basin-

wide scale) and improve their policies or strategies accordingly to focus more on 

transboundary bilateral and multilateral collaboration (i.e., in situ gauging data sharing) with 

upstream countries like China, Nepal, Bhutan, and India. 
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Graphical abstract of Chapter 2: 

 

Highlights of Chapter 2: 

o Small-scale geomorphic studies at GB downstream Bangladesh but highly connected with 

upper basin fluvial-sedimentation processes. 

o Basin-wide geomorphic connectivity is highly impacted by GB’s sediment mixing and 

deposition before the Bay of Bengal (BoB). 
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Chapter 3 

Geomorphometric characterization and sediment connectivity of the 

middle Brahmaputra River basin 

 

3.1 Introduction 

Morphometry is the mathematical quantification of basin physiography (Clarke, 

1966; Swarnkar et al., 2020; Oyedotun, 2020). It is crucial for characterizing 

geomorphological processes and understanding the evolutionary history of any basin (Sharma 

and Sarma, 2013). The morphological characteristics can be understood more clearly through 

linear, areal, and relief morphometric parameters (Mahala, 2020). Morphometric properties 

such as catchment area, stream network density, relief, terrain roughness, slope, and geology 

greatly influence the geomorphological changes and sediment connectivity in a basin (Fryirs 

et al., 2007; Cavalli and Marchi, 2008; Oguchi et al., 2013; Cavalli et al., 2013). 

Geomorphological studies also play an essential role in understanding the river system's 

longitudinal and lateral linkages (Sinha et al., 2005; Sinha et al., 2013). Moreover, 

morphometric analysis is crucial for sustainable watershed management, especially for 

upstream fluvial process-dominated downstream countries like Bangladesh, where integrated 

basin information is scarce (Sujatha et al., 2014; Rahmati et al., 2019). 

Mountainous topography significantly impacts the spatial variation of hydrological 

conditions, including the spatial distribution of soil moisture and groundwater flow (Rahmati 

et al., 2019; Li et al., 2021). Notably, research of debris flow and sediment dynamics uses 

topographic factors like the topographic wetness index (TWI), the stream power index (SPI), 

the sediment transport index (STI), and the slope-length (LS) factor (De Reu et al., 

2013; Rahmati et al., 2019). The use of digital elevation models (DEMs) to derive these 

topographic variables is faster, less subjective, and the obtained measurements are more 

reproducible than conventional techniques (Iqbal et al., 2005). In addition, using topographic 

indices for the large area that undergoes limited hydrological process monitoring, such as 

rainfall, runoff, and sediment yield, can provide helpful information for better watershed 

management. Moreover, the topographic factors correlate with drainage basin morphometry 

and impact the integrated watershed management (Sujatha et al., 2014). 
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Sediment connectivity is the degree to which a geomorphic system facilitates the 

transfer of sediment through its components such as hillslopes, channel networks, and valley 

bottoms (Fryirs and Brierley, 2013; Heckmann et al., 2018). The degree of connectivity 

between hillslopes and the channel and the transfer of water and sediment within the channel 

largely depends on the morphological diversity, where connectivity decreases with increasing 

landscape morphological complexity (Baartman et al., 2013). The connectivity processes also 

vary in space and time and can be modified by anthropogenic changes (drainage system 

changes, river engineering structures, land use, etc.) in the landscapes (Brierley et al., 

2006; Jain and Tandon, 2010; Tarolli and Sofia, 2016; Llena et al., 2019). Measuring 

structural sediment connectivity is fundamental to representing the spatial configurations of 

the linkages among the components, which can be measured indirectly by using a 

geomorphic connectivity index instead of measuring connectivity in the field (Heckmann et 

al., 2018). Among several approaches to evaluating sediment connectivity, the use of 

geomorphometric indices (sediment connectivity index) make it possible to detect the areas 

that are prone to sediment transfer and the degree of sediment linkage through landscape 

units (Borselli et al., 2008; Cavalli et al., 2013; Persichillo et al., 2018; Zanandrea et al., 

2019; Turley et al., 2021). This sediment connectivity index (IC), developed by Borselli et al. 

(2008) and then refined by Cavalli et al. (2013), is widely used and considered an effective 

means to quantitatively evaluate the transfer of sediments from hillslopes to downstream. 

This index helps identify the preferential sediment pathways and prioritize sediment source 

areas (Heckmann et al., 2018). 

Although the downstream area of the Brahmaputra basin in South Asia is densely 

populated and highly prone to repeated sediment disasters, the research on hydro-geomorphic 

systems of the basin, considering the sediment linkage from upstream to downstream sink 

areas, has been limited (Faisal and Hayakawa, 2022). The sediment connectivity approach is 

essential in developing countries where the spatial data is often scarce and not easily 

accessible for field observation (Najafi et al., 2021). Moreover, there are few possibilities to 

model spatial patterns of sediment delivery and identify sediment source and sink areas 

because of the lack of effective and comprehensive strategies for basin-scale sediment 

management in the transboundary Brahmaputra River, which is shared by China, India, 

Bhutan, and Bangladesh in South Asia. Furthermore, understanding sediment connectivity 

informs us of sediment movement from source to sink in a catchment, which determines the 

long-term behavior of sediment flux and the aggradation or degradation patterns that are 
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manifest as a change in the landforms (Bracken et al., 2015; Poeppl et al., 2017; Najafi et al., 

2021). Therefore, understanding geomorphic characteristics and sediment connectivity 

patterns in the upstream-dominated Brahmaputra River basin is essential in sustainable water 

resources management and land use planning of downstream countries affected by high 

erosion and sediment delivery rates from its upstream regions. 

This work focuses on the transboundary Himalayan-fed middle Brahmaputra River, 

distinguished by highly variable seasonal flows, significant sediment discharge, and diverse 

morphological patterns (Subramanian and Ramanathan, 1996; Islam et al., 1999; Singh et al., 

2004; Mahanta et al., 2014). Despite the enormity and geomorphic diversity of the 

Brahmaputra River, comparatively little attention has been paid by national and international 

researchers during the past few decades compared to the Ganges River system (Coleman, 

1969; Goswami, 1985; Umitsu, 1987; Sinha and Friend, 1994; Subramanian and 

Ramanathan, 1996; Allison et al., 1998; Islam et al., 1999; Kale, 2005; Sinha et al., 

2005; Takagi et al., 2007; Goodbred et al., 2014; Brammer, 2014; Sarker et al., 2014; Dewan 

et al., 2017; Bandyopadhyay et al., 2021). Furthermore, the review of geomorphological 

processes and their connectivity in hillslope, fluvial, and coastal areas of the downstream 

portions of the Ganges–Brahmaputra depicts that fluvial-geomorphic research in the deltaic 

landscape of Bangladesh is explored at a small-scale (country scale) (Faisal and Hayakawa, 

2022). These small-scale studies are insufficient to understand large-scale landscape 

processes (Lane and Richards, 1997; Jain et al., 2012). Notably, the upper basin 

morphodynamics, hydrology, and sediment flux of the Brahmaputra River system influence 

the fluvial sediment dynamics of the downstream Bangladesh (Subramanian and 

Ramanathan, 1996; Singh, 2007; Faisal and Hayakawa, 2022). Furthermore, the hydrological 

processes in the upper part of a river basin may directly influence downstream areas from a 

few to many hundreds of kilometers away (Nepal et al., 2014). Moreover, understanding 

upstream-dominated processes or events or sediment transport dynamics that shape the 

particular landform development of downstream areas is critical in geomorphic science 

(Whipple and Tucker, 1999; Stark and Stark, 2001). 

A research gap exists in the geomorphological investigation of the middle 

Brahmaputra River basin (Faisal and Hayakawa, 2022), but the geomorphic characterization 

and sediment connectivity at a basin-wide scale would increase our knowledge about this 

river system and its downstream consequences. To fill the gap, the present research intends to 
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analyze the morphometric characteristics, topographic features, and sediment connectivity 

along the right bank of the middle Brahmaputra River (Teesta, Torsa, and Manas) that are 

assumed to have a potential hydro-geomorphic response to the downstream area (Fig. 3.1). 

This article aimed to assess the geomorphic characteristics to compare sediment connectivity 

parameters (IC, SPI, etc.) between upland and lowland systems on the Brahmaputra River 

basins. The results from this study would be helpful in better understanding the basin-scale 

fluvial-geomorphic processes and may provide baseline information for further research. 

3.2 Study area 

3.2.1 Area of interest (AOI) 

The Brahmaputra River (580,000 km2 drainage area) is known as Yarlung/Tsang Po in China 

(Tibet), Siang/Dihang River in Arunachal Pradesh (India), Lohit/Dilao in Assam (India), and 

Jamuna in Bangladesh, characterized by marked variability in its substantial discharge and a 

considerable amount of sediment volume (~721 million t/yr) (Goswami, 1985; Sharma et al., 

2012; Faisal and Hayakawa, 2022). The geology of the Brahmaputra basin is comprised of 

the Higher Himalaya (schists, gneisses, marbles with amphiboles, Migmatites, and Miocene 

leucogranites), the Lesser Himalaya (schists, quartzites, graphitic schists, and limestone) and 

the Siwaliks formation (Singh and France-Lanord, 2002; Singh, 2007; Goodbred et al., 2014). 

The northern tributaries joining the Brahmaputra in Assam largely drain metamorphic rocks 

of the Higher Himalayas in Bhutan and Sikkim (Garzanti et al., 2004). The low-grade 

sedimentary rocks of the Lesser Himalaya outcrop locally along the Assam Valley tributaries 

in the Brahmaputra catchment (Richards et al., 2006; Goodbred et al., 2014). The Assam and 

Bangladesh plains carry the Brahmaputra's fluvial sediments consisting of alluvial features 

such as natural levees, point bars, oxbow lakes, and channel bars (Goswami, 1998; Singh, 

2007). 

Most of the Brahmaputra's sediment load is derived from its high Himalayan portion 

and many landslides in this region, transferring sediment downstream and causing large 

floods with substantial flood deposits (Wasson, 2003; Rajbanshi et al., 2022). Rainfall during 

the southwest monsoon (June–September) is a significant source of water and contributes to 

the annual discharge of the Brahmaputra. However, Himalayan meltwater and groundwater 

contributions are crucial during summer (Singh, 2007). In this study, the author wants to 

emphasize the mountainous northern (right bank) tributaries of the middle Brahmaputra River 

(Fig. 3.1) considering its dynamic characteristics (i.e., high flow and sediment contribution, 
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extensive channel modification, steeper channel gradient, and flashy nature) compared to the 

south bank tributaries (Sharma et al., 2012; Pangare et al., 2021). For example, the Teesta, 

Torsa, and Manas contribute significantly to the discharge of the main Brahmaputra (Sarma, 

2004; Saha and Bhattacharya, 2021; Pangare et al., 2021) and may influence the sediment 

flux as well as sediment transfer at its entire catchment. 

Fig. 3.1 A) Overview of Brahmaputra River basin with background topography showing the 

flow path connecting the upstream region to downstream and surrounding areas, B) the area 

of interest; upstream (UPS), midstream (MDS), and downstream (DWS), C–D) field photos 

were taken by the authors on 20 Aug 2022 from the field investigation site (indicated in B), 

Teesta River (Brahmaputra's tributary) in northern Bangladesh; where C) and D) respectively 

show the erosion along the bank and sedimentation within the channel. 
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Therefore, north bank tributaries joining the mainstream Brahmaputra River channel 

adjacent and upstream to the Bangladesh border, namely Teesta, Torsa, and Manas basins, 

have been selected for the present study. The selected basins fall within the Pandu to 

Goalundo reach (Sarma, 2004). After rising from the northern Himalayan, the Teesta 

traverses 309 km to join the Jamuna below Rangpur town in Bangladesh (Sarma, 2004). The 

Torsa travels about 145 km through the Chumbi valley of Bhutan before entering India near 

Ramgati, called Amo Chu. The Torsa travels a distance of 100 km through North Bengal, and 

after flowing past Balampur, it joins the Jamuna 15 km downstream from the last Indian 

tributary, the Gangadhar (Saha and Bhattacharya, 2019, Saha and Bhattacharya, 2021). The 

Manas originates from the northern slope of Mount Kula Kangri in Tibet and flows 140 km 

through Bhutan; then, it bifurcates near the Indian border and travels through the Assam 

valley before meeting the Brahmaputra. The area of interest for this study is about 

75,000 km2, which connects different parts of India and Bhutan and flows through the main 

Brahmaputra channel to downstream Bangladesh farther south (Rasul, 2015; Ray et al., 

2015). Table 3.1 identifies the significant characteristics of the selected basins. 

Table 3.1 Major characteristics of basins under this study 

Characteristics Basin  

  (1) Teesta (2) Torsa (3) Manas 

Basin area (km2) 17,639 23,680 33,102 

Mean elevation (m) 3173 2479 3298 

Annual average rainfall 

(mm) (2010-2019) 

2408 1763 1200 

Average annual yield in 

Million Cubic Meter 

(MCM) 

21,413 14,980 2925 

Major land-cover Trees (40.68%), 

Crops (17.46%), 

Shrubs (13.27%), 

Built up (11.09%), 

Bare ground 

(8.25%), Water 

(2.38%) 

Trees (54.77%), 

Shrubs (19.44%), 

Crops (8.44%), Built 

up (5.08%), Bare 

ground (5.81%), 

water (1.31%) 

Trees (45.04%), 

Shrubs (25.76%), 

Bare ground 

(14.34%), Crops 

(5.50%), Built up 

(3.09%), water 

(1.37%) 

Note: Based on Brahmaputra Board, 1995; TRMM, 2011; Mahanta et al., 2014; NASA JPL, 

2020; Karra et al., 2021; Pangare et al., 2021 
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3.2.2. Meteorological conditions 

The entire Brahmaputra basin, excluding the Tibetan portion, falls within the Southeast Asian 

monsoon regime, highly influenced by extreme monsoon rainfall with a mean annual rainfall 

of 2300 mm (Mahanta et al., 2014). The monsoon rain (June to September) accounts for 60–

70 % of the yearly rainfall in the entire Brahmaputra basin, while the pre-monsoon season 

(March to May) produces only 20–25 % of the annual rainfall (Mahanta et al., 2014). The 

large concentrated rainfall pattern in the monsoon season may increase the basin discharge, 

generating a high sediment yield and dynamics (Mahanta et al., 2014; Pangare et al., 2021). 

Hence, the tropical rainfall measuring missions (TRMM) data from (2010–2019) have been 

analyzed to observe the rainfall pattern over the studied basins. The time series analysis of 

rainfall data also suggests strong monsoonal influence (June to September) with an average 

annual rainfall of 1200 mm to 2408 mm along these basins (Fig. 3.2). 

Fig. 3.2 Inter-basin A) monthly rainfall cycle and B) average annual rainfall variations 

throughout 2010–2019. 

In addition, the enormous and variable flows distinguish the hydrological regimes, 

where about 70–80 % of the total Brahmaputra discharge is from the southwest monsoon 

(Singh, 2007). The hydrographs of available average annual discharge along the studied 

basins indicates monsoonal (June to September/October) flow dominancy (Fig. 3.3). For 

example, at Bahadurabad (Bangladesh) gauging station (where the Teesta at downstream 

Bangladesh joins the Brahmaputra), the average monsoon flow is 35,712 m3/s. In contrast, 

during the non-monsoonal season (January–April), the average flow is 5186 m3/s (Rahaman 

and Varis, 2009). Therefore, the mainstream and the tributaries of the Brahmaputra spill over 

their banks, causing devastating floods in the Assam plains and Bangladesh annually during 

the southwest monsoon (Kale, 2003). The similar scenario of rainfall patterns and annual 

discharge at different parts of the Brahmaputra basin were mentioned in previous studies 

(Mahanta et al., 2014; Rao et al., 2020; Pangare et al., 2021). The rainfall and discharge 
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patterns have been considered here to discuss the effects of hydro-meteorological conditions 

on these basins' characteristics and sediment dynamics. 

 

 

 

 

 

Fig. 3.3 Monthly discharge hydrographs from different gauging stations along the study area; 

A. Pandu (India) (1956-1963, 1971-1979); B) Mathanguri (India) (1955-1964, 1971-1974); 

C) Kaunia (Bangladesh) (1969-1975, 1985-1991); D) Bahadurabad (Bangladesh) (1956-

2011); E) Average annual discharge at different gauging stations. * denotes the major flood 

occurrence. 

3.3 Data and methods 

3.3.1 Geospatial data 

Table 3.2 provides a summary of the dataset used in this study. Freely accessible 

NASADEM_HGT (30 m and void-filled), created by the NASA-MEaSUREs program 

(publicly released in February 2020), have been downloaded from NASA-LPDAAC (Land 

Processes Distributed Active Archive Center) (NASA JPL, 2020; Buckley et al., 2020). This 

NASADEM is reprocessed from the radar-based SRTM (Shuttle Radar Topographic Mission) 

with many improvements to its quality, notably void reduction and artifacts removal using 

auxiliary data from various datasets such as ASTER GDEM, PRISM (Panchromatic Remote-
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sensing Instrument for Stereo Mapping), GLAS (Geoscience Laser Altimeter System), and 

ICESat (Ice, Cloud, and Land Elevation Satellite) in processing techniques (Crippen et al., 

2016; Buckley et al., 2020; Oguchi et al., 2022; Tran et al., 2023). The vertical accuracy of 

NASADEM has been revealed as 5.3 m (USA) (Buckley et al., 2020), 6.39 m (Estonian) 

(Uuemaa et al., 2020), 6.59 m (China) (Li et al., 2022), and 12.08 m (New Zealand) (Uuemaa 

et al., 2020). Moreover, the NASA Jet propulsion laboratory (creators of the dataset) claims 

that the radar does an excellent job in penetrating the vegetation canopy, so the digital terrain 

model (DTM) bias is not significant (Franks et al., 2020). Since NASADEM is relatively 

new, few articles have been published in the relevant fields of study and performed well 

compared to other freely available global DEM datasets, e.g., ASTER, AW3D30, MERIT, 

SRTM, and TanDEM-X (Franks et al., 2020; Uuemaa et al., 2020; Li et al., 2020; Tran et al., 

2023). 

Table 3.2 Data used in the present study 

Input data Data source Specifications Reference 

NASA-DEM  NASA-MEaSUREs 

(https://earthexplorer.usgs.

gov/) 

30 m spatial resolution and 

released in 2020. 

NASA JPL, 

2020;     

Buckley et al., 

2020 

Annual average 

rainfall 

TRMM 

(https://disc2.gesdisc.eosdi

s.nasa.gov/opendap/) 

TRMM_3B43 version 7; 0.25° 

by 0.25° spatial resolution over 

the period of 2010-2019. 

TRMM, 2011 

Land-use and 

land-cover 

ESRI 2021 

(https://livingatlas.arcgis.c

om/landcover/) 

ESA Sentinel-2 (10 m) 

released in July 2021. 

Karra et al., 

2021 

Average annual 

yield (MCM) 

IUCN  2014 

(https://www.iucn.org/cont

ent/physical-assessment-

brahmaputra-river) 

IUCN report on physical 

assessment of the Brahmaputra 

river: A Bangladesh-India 

Initiative.  

Mahanta et al., 

2014 

River discharge 

data 

Global Runoff Data center 

(GRDC) 

(https://www.bafg.de/GRD

C/EN/01_GRDC/grdc_nod

e.html). 

Gauging stations and time 

periods: (1) Pandu (1956-1963, 

1971-1979); (2) Mathanguri 

(1955-1964, 1971-1974); (3) 

Kaunia (1969-1975, 1985-

1991); (4) *Bahadurabad 

(1956-2011) 

GRDC, 2021;                

*Rao et al., 

2020 

Global polygon 

for terrain 

classification 

Geospatial Information 

Authority of Japan (GSI) 

2022 

(https://gisstar.gsi.go.jp/terr

ain2021/) 

MERIT DEM-90 m (v1.0.3) 

merging mainly the SRTM3-

90 m (v.2.1) and the ALOS 

(AW3D-30 m) (v.1) and 

released in June 2022. 

Iwahashi and 

Yamazaki, 

2022 
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Here, space borne rainfall data from TRMM-3B43, which was a joint mission 

between NASA and the Japan Aerospace Exploration Agency (JAXA), have been used to 

extract the meteorological information (rainfall) from 2010 to 2019 over the area of interest 

(TRMM, 2011). The TRMM system uses precipitation RADAR, microwave imager, and 

visible infrared scanner merged with station data to estimate rainfall (Huffman et al., 

2007; NASA, 2017). Furthermore, freely accessible Brahmaputra River discharge data from 

three gauging stations (shown in Fig. 3.1) along the present study area have been accessed 

from the global runoff datacenter (GRDC) website (GRDC, 2021). Unfortunately, these 

discharge datasets are widely spaced with a large data gap (7 to 10 yr) and historic (time 

series data collection ends around 1990) (Goswami, 1985; Islam et al., 1999; Sarma, 2005). 

The available time series insitu discharge datasets (Table 3.2) are used to discuss the large-

scale flow dynamics and sediment connectivity patterns along these basins. In addition, the 

most comprehensive and updated instrumental discharge data of Bahadurabad (Bangladesh) 

gauging station over the last six decades (1956–2011) have been collected from Rao et al. 

(2020) for this study. However, the combination of NASADEM, TRMM rainfall, and river 

discharge data at gauging stations provides a new dimension in the investigation of hydro-

geomorphological characteristics of the study area. 

The global land-use/land-cover (LULC) 2020 maps derived from European space 

agency (ESA) Sentinel-2 imageries at 10 m resolution released by Environmental System 

Research Institute Inc. (ESRI) under creative commons BY-4.0 license in July 2021 have 

been used in this study (Karra et al., 2021). Furthermore, in association 

with IUCN (International Union for Conservation of Nature and Natural Resources) and 

collaborative research between India and Bangladesh, the physical assessment report of 

Brahmaputra basin-2014 provides previously unavailable annual sediment yield data for 

future research in the under-investigated Brahmaputra basin (Brahmaputra Board, 

1995; Mahanta et al., 2014; Pangare et al., 2021). Our study intends to use this yield 

estimation data collected from Brahmaputra Board (India) and an extensive joint field 

investigation between India and Bangladesh. The ground-based sediment yield data 

collection and availability are highly appreciated because the field data collection in the 

transboundary Brahmaputra River is somewhat risky with limited accessibility, hindering a 

systematic field-based investigation. 
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The author also used a global polygon for terrain classification data released in June 

2022 by the Geospatial Information Authority of Japan (GSI) as a proxy for the topographic 

applications (Iwahashi and Yamazaki, 2022). The geometric signatures of terrain polygons 

such as lnSLOPE, lnHAND (Height Above the Nearest Drainage), and Texture (density of 

pits and peaks) that quantitatively classify the topography help obtain an overview of the 

ground efficiently in a wide area (Iwahashi et al., 2021). 

3.3.2 Methodology 

The datasets mentioned above have been used to analyze the selected basins' hydro-

geomorphic characteristics and sediment connectivity. For this study, each selected basin is 

divided into three sub-basins (Fig. 3.1B), upstream (UPS), midstream (MDS), and 

downstream (DWS), based on the flow length algorithm (Smith, 1997; Cho, 2020). The 

methodologies of deriving the meteorological factor, morphometric parameters, topographic 

parameters, and sediment connectivity index are mentioned below with their applicability and 

limitations. The statistical analyses were mainly performed using software R (version 4.1.0) 

(R Development Core Team, 2020). Multicollinearity was checked for the morphological and 

topographic data. Then generalized linear mixed models (GLMMs) were used to analyze the 

interactive and univariate effects on sediment connectivity, where the “glmmADMB” 

package was used (Alam et al., 2021). 

3.3.2.1 Meteorological factors 

The meteorological studies focus on the TRMM rainfall data analysis because of unevenly 

distributed and poorly maintained real-time rain gauge data, complicated transboundary 

issues, and limited accessibility along the Brahmaputra River basin (Shrestha et al., 

2008; Bajracharya et al., 2015). Comparative studies of satellite-based and gauge-based 

rainfall estimation documented that monthly TRMM products are more reliable than other 

estimations (Huffman et al., 2007; Immerzeel, 2008; Medhioub et al., 2019), where the 

systematic bias is significantly reduced in the low altitude river basins (Yong et al., 2014). In 

addition, the gridded rainfall dataset of the India meteorological department (IMD) and gauge 

rainfall (47 stations) observations of Bangladesh water development board (BWDB) tested 

the suitability of using the TRMM dataset over the Ganges–Brahmaputra–Meghna river basin 

(Prasanna et al., 2014). Furthermore, the rain gauge-based validation of the TRMM dataset in 

the Brahmaputra basin encourages us to use it for meteorological analysis (Shukla et al., 
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2014; Bajracharya et al., 2015; Tarek et al., 2017). Therefore, TRMM-3B43 version 7 

products of 0.25° by 0.25° fine spatial resolution and monthly temporal resolution have been 

downloaded and processed (Huffman et al., 2007; Huffman et al., 2010; NASA, 2017). These 

gridded rainfall datasets are available in NetCDF format and converted to raster layer using 

multidimensional tools of ArcGIS model builder language. TRMM-3B43 products of (mm/h) 

unit converted to (mm/month) by multiplying the hourly rain rate with the total hours in that 

particular month and then the annual scale (Shukla et al., 2014). Brahmaputra River discharge 

datasets accessed in ASCII format at a monthly scale have been converted to annual-scale 

(m3/s) for the specific available years. 

3.3.2.2. Geomorphometric factors 

The morphometric parameters of linear (stream order, stream length, bifurcation ratio), areal 

(circularity ratio, stream frequency, drainage density, and compactness coefficient), and relief 

aspects (basin relief, relief ratio, and ruggedness number) have been computed along with 

longitudinal profiles. The formula for calculating each morphometric parameter with its 

respective reference has been provided in Table 3.3. ArcGIS software analysis has measured 

the watersheds' areas, perimeter, and length. The channel network was determined by the 

stream threshold approach with several trials and errors (Jenson and Domingue, 1988; Heine 

et al., 2004). The reality and consistency of extracted channel network were visualized from 

Google Earth satellite images and field investigation at Brahmaputra's tributary (Teesta, 

Bangladesh). The longitudinal channel profiles were generated to understand the topographic 

features and channel anomalies (O'Callaghan and Mark, 1984; Ozulu and Gökgöz, 2018). 

Table 3.3 Methodology adopted for computing morphologic and topographic parameters 

Parameters name Equation References 

Stream order (u) Hierarchical rank Strahler, 1964 

Stream number (Nu) 

 

Horton, 1945 

Stream length (Lt) 

(km) 

 

Strahler, 1964 

Stream frequency 

(Fs) 

  
Horton, 1932 

Bifurcation ratio 

(Rb) 

  
Strahler, 1964 

Drainage density 

(Dd) (km/km2) 

  
Horton, 1932 

Nu=N1+N2 + N3+..........+Nn 

Lt=L1 + L2 + L3+..........+Ln 

Fs = Nu A⁄ ; Where A is basin area. 

Rb = Nu Nu + 1⁄ ; where Nu + 1 is number of 

segments of the next higher order. 

Dd = Lu A⁄ ; where L
u
 is total stream length of order ‘u’. 
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Circularity ratio 

(Rc) 

  
Strahler, 1964 

Compactness 

coefficient (Cc) 

  Gravelius, 

1914 

Basin relief (R) ( m)   R= Max H – Min H Strahler, 1952 

Relief ratio (Rr) 

 

Schumm, 

1956 

Ruggedness number 

(Rn) 

 

Patton and 

Baker, 1976 

Topographic 

Wetness Index 

(TWI) 

Moore et 

al.,1993 

Stream Power Index 

(SPI) 

Moore et al., 

1993 

Sediment Transport 

Index (STI) 

  
Moore et al., 

1991 

LS (slope-length) 

factor 

  
Moore and 

Burch, 1986 

Topographic 

Position Index 

(TPI) 

 

Gallant and 

Wilson, 2000 

 

3.3.2.3. Topographic factors 

Topographic factors such as the topographic wetness index (TWI), the stream power index 

(SPI), the sediment transport index (STI), the LS (slope-length) factor, and the topographic 

position index (TPI) have been considered in this study as they provide helpful information 

about geomorphological characteristics of river basins (Table 3.3). Furthermore, a range of 

previous geomorphic studies also applied these factors, notably Pei et al. (2010), De Reu et 

al. (2013), Papaioannou et al. (2014), Rahmati et al. (2019), and Swarnkar et al. (2020). The 

topographic indices are often evaluated using geographic information system (GIS) (De Roo, 

1998; Chen and Yu, 2011). Our study also uses an ArcGIS model builder language 

environment to compute rapid topographical analysis of large basins. Different topographic 

Rc = 4π × A P2⁄ ; Where, A is the area enclosed 
within the boundary of watershed divide (Basin area) 

Cc = 0.2824 × (P √A⁄ ); where P is the length of the 

watershed divide which surrounds the basin  

Rr = R Lb⁄ ; Where L
b
 is the distance between the outlet 

and farthest point on the basin boundary (Basin length). 

Rn = Dd × (H 1000⁄ ); Where Dd is drainage density, 
and H is basin height.  

TWI = ln( As tan β⁄ )………………………… . (1)  
Where, A

s
 is the specific catchment area and β is the 

slope gradient in radians. 

SPI = As × tanβ………………………………(2) 
Where, A

s
 is the specific catchment area and β is the 

slope gradient in radians  

STI = (m+ 1)(As 22.13⁄ )m× (sin β 0.0896⁄ )n……(3)  

Where, A
s 
is the specific catchment area (m

2
 m−1),   

β is the slope gradient in degrees, m is 0.4, and n is 1.3. 

TPI = Z0 − (1 − nZn) n⁄ …………(5); Where, Z
0
 is the 

elevation of the point under evaluation, Z
n
 is the elevation 

of the points within the local window, and n is the total 

number of surrounding points employed in the evaluation. 

LS= (𝑛 + 1)(As 22.13⁄ )𝑛 × (sin 𝛽 0.0896⁄ )𝑚……(4) 
Where, n = 0.4, and m = 1.3 
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indices for geomorphic characterization largely depend on the quality, availability, and 

resolution of the DEM (Sørensen and Seibert, 2007; Grabs et al., 2009). Also, it is not certain 

that increasing DEM resolution will improve topographic indices' performance (Oguchi et al., 

2022) as topography has less control over the groundwater flow (Grabs et al., 2009). Here, 

the author used newly released and freely accessible 30-m NASADEM as a significant input 

of topographic factor analysis. 

Here, TWI is calculated based on Moore et al. (1993) (Table 3.3, Eq. (1)), which 

provides an alternative for understanding the spatial pattern of wetness (Sørensen et al., 

2006; Grabs et al., 2009). The SPI reflects the stream power, which is considered here as one 

of the factors that determine river channel erosion, basin-scale variability in channel 

processes, morphology, and sediment transport potential (Moore et al., 1991; Pei et al., 

2010; Kaushal et al., 2020) (Table 3.3, Eq. (2)). However, the values of TWI and SPI are 

influenced by the calculating algorithm of specific catchment area (As) and gradient (Tanβ) 

as the computation of As depends on the flow direction algorithm (Chen and Yu, 2011). The 

STI is calculated by Moore et al. (1991) (Table 3.3, Eq. (3)) to characterize the erosion and 

deposition processes (Kalantari et al., 2014; Mojaddadi et al., 2017). Furthermore, the LS 

factor (dimensionless) reveals the fact that erosion increases with slope angle and slope 

length (Winchell et al., 2008; García Rodriguez and Giménez Suarez, 2010), and here, it has 

been calculated by applying a numerical model described by Moore et al. (1991) (Table 3.3, 

Eq. (4)). Moreover, TPI measures topographic slope positions and subdivides the landscapes 

into morphological classes based on topography (De Reu et al., 2013). In the present study, 

TPI is calculated based on the equation derived by Gallant and Wilson (2000) (Table 3.3, Eq. 

(5)) at 2 × 2 windows as it was successfully applied with field verification at highly sloping 

hilly terrain in India (Chauniyal and Dutta, 2018). The TPI value ranges from positive to 

negative values, representing ridges and valleys, respectively, where zero values correspond 

to flat areas (Gallant and Wilson, 2000; Amatulli et al., 2020). 

Here, the functions and computation of morphometric and topographic factors 

in Table 3.3 use ArcGIS model builder visual programming language, and are then converted 

to semi-automated morphometric assessment tools (SMAT) (Fig. 3.4). It has three 

components (a) a morphometric and topographic assessment tool (MTAT), (b) a longitudinal 

profile extraction tool (LPET), and (c) a TRMM data extraction tool (TRET). The SMAT 

tools, developed from the current workflow, shortened the computation time of meteorology 
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C) 

B) A) 

(rainfall), morphometric, and topographic parameters and are provided in the supplementary 

material. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4 Workflow of deriving morphometric parameters converted to Semi-automated 

Morphometric Assessment Tools (SMAT); A) Morphometric and Topographic Assessment 

Tool (MTAT), B) Longitudinal Profile Extraction Tool (LPET), and C) TRMM Rainfall Data 

Extraction Tool (TRET). Can be accessed from https://drive.google.com/file/d/1-

85dzHShrtMFtiyndGAd_3sp1cWVWlqz/view?usp=sharing 

3.3.2.4. Index of sediment connectivity 

The sediment connectivity index estimates the potential connection or sediment mobilization 

between the sediments eroded from hillslopes and the stream system, considering the land 

surface and topographic characteristics (Borselli et al., 2008). The IC was primarily applied 

in relatively smaller basins covering ~10 to ~150 km2 with a very high-resolution (~2.5 m) 

DEM (Cavalli et al., 2013). Mishra et al. (2019) and Swarnkar et al. (2020) applied this IC in 

the larger basin area (~50,000 to 70,000 km2) of the Ganges with coarser SRTM-DEM 

(~90 m and ~30 m resolution) to understand the sediment connectivity between hillslopes and 

channels. Hence, taking encouragement from SedInConnect tool designer Crema and Cavalli 

(2018) and previous work (Mishra et al., 2019; Zanandrea et al., 2019; Swarnkar et al., 2020), 

this connectivity index is applied to the middle Brahmaputra basin as a novel approach, 

where sediment dynamics are not fully understood. Here, sediment connectivity analysis is 

carried out using the stand-alone freely available SedInConnect 2.3 tools 
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(https://github.com/HydrogeomorphologyTools), introduced by Crema and Cavalli (2018). 

The functionalities and algorithm of the TauDEM 5.3.7 tool (Terrain Analysis Using Digital 

Elevation Models) (https://hydrology.usu.edu/taudem/taudem5/downloads5.0.html) is used to 

reflect a more usual pattern of sediment connectivity through the basins (Tarboton, 

1997; Cavalli et al., 2013). This connectivity index (IC) is defined as follows: 

𝐼𝐶𝑘 = 𝑙𝑜𝑔10(𝐷𝑢𝑝 𝐷𝑑𝑛⁄ ) = 𝑙𝑜𝑔10 (𝑊𝑆𝑘√𝐴𝑘 ∑𝑖 = 𝑘, 𝑛𝑘 𝑑𝑖 𝑊𝑖𝑆𝑖⁄⁄ )…… (6) 

where ICk is the sediment connectivity index (dimensionless) at the particular cell; k 

is the cell number; Dup is the upslope component; Ddn is the downslope component; W is an 

average weight factor (usually considered as C-factor of RUSLE equation, dimensionless) of 

the upslope contributing area; Sk is the average slope (m/m) of the upslope contributing area 

at a particular cell (k); Ak is the upslope contributing area (m2) at cell (k); nk is the total 

number of the cell in the basin; di is the length of the ith cell along the flow path (m); Wi is 

the weight (C factor) at the ith cell (dimensionless); Si is the slope (m/m) at the ith cell. The 

IC is defined in the range of [−∞,+∞], with connectivity increasing for larger IC values. 

The calculation of the IC is mainly based on topography. However, land-use cover 

information can be integrated into the analysis by utilizing weighting factors, e.g., C-factor, 

as shown by Borselli et al. (2008). The author used NASADEM (30 m resolution) for 

topography and channel network as the target. The C-factor is considered as the weight factor 

generated from the Sentinel-2 derived land-use/land-cover map of 2021, which may provide 

better insight into the connectivity pattern as heterogeneous landscape favors using the C-

factor as weighting factor (Cavalli et al., 2014; Cantreul et al., 2018). The C-factor values of 

individual cells are acquired from the published literature for a range of land-use/land-cover 

classes mentioned in Table 3.1 (FAO, 1978; Wischmeier and Smith, 1978; Morgan, 

2009; Ganasri and Ramesh, 2016; Swarnkar et al., 2020). Using the C-factor as weight in the 

IC computation would help us model the impedance to runoff and sediment fluxes from local 

land use and soil surface (Borselli et al., 2008). Here, both the input layers (i.e., NASADEM 

and C-factor map) are resampled to the same pixel size (30 m) for the calculation of IC 

(Eq. (6)). According to several researchers (notably Zanandrea et al. (2019); Mishra et al. 

(2019); Swarnkar et al., 2020; Martini et al. (2020); Liu et al. (2021)), this DEM resolution is 

sufficient to evaluate sediment connectivity. In addition, particle size of sediments is another 

influential factor for the calculation of sediment connectivity, particularly for relatively small, 
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steep watersheds with diverse particle size including boulder, gravel, sand, and mud. 

However, our study focuses on wider areas with less variable sediment particle size (mainly 

sand and mud), so this study assume the effects of differing particle size on the calculated IC 

in a broader scale is minimal (Garzanti et al., 2004; Fryirs and Brierley, 2013). Therefore, the 

IC values derived from topography and land-use/land-cover characteristics would help us to 

better understand the sediment connectivity pattern in these large basins. 

3.4 Results 

3.4.1 Geomorphometric analysis 

The result of geo-morphometric parameters are presented in Table 3.4. The Strahler's stream 

order suggests that 7th (Teesta), and 8th (Torsa and Manas) order stream networks are present 

along these basins (Fig. 3.5A). Compared to the midstream and upstream sub-basins, higher 

stream frequencies have been observed downstream (Fig. 3.5B). Considering the whole basin 

(WB), the stream frequency ranges from (1.12 to 1.14 km−2) where the highest stream 

frequency is found at Teesta (1.14 km−2) compared to others. High stream frequency, larger 

catchment area, and high discharge in downstream areas may suggest the dominancy of 

channel processes and, therefore, more erosion (Fryirs and Brierley, 2013; Oyedotun, 2020). 

Drainage density is related to climate, the type of rocks, relief, vegetation cover, surface 

roughness, and several hydrological processes such as infiltration capacity, soil saturation, 

and overland flow, which impact the production of runoff and sediment load in the basin 

(Rudraiah et al., 2008; Swarnkar et al., 2020). For the whole basin, the drainage density (Dd) 

results suggest comparatively higher values in the Teesta basin (1.07 km/km2) compared to 

the Torsa basin(0.98 km/km2), and the Manas basin (0.96 km/km2) (Fig. 3.5C). The 

variability of infiltration numbers shows the dominancy of MDS and DWS over the UPS 

except for the Manas basin. The infiltration number is relatively higher in the whole basin of 

Teesta (1.21) compared to Torsa (1.10), and Manas (1.08). This result infers that the Teesta 

basin has a lower infiltration capacity with high runoff, followed by the Torsa and Manas 

basin because the infiltration number implies that the higher the value of the infiltration 

number, the lower will be the infiltration with higher runoff (Bhatt and Ahmed, 2014). The 

result of the compactness coefficient (Cc) for the whole basin shows the highest values in 

Manas (3.43), whereas the lowest is found for Torsa (2.95). In the whole basin, the circulator 

ratio (Rc) ranges from 0.16 to 0.24, where higher values are found for Manas (0.24), followed 

by Torsa (0.23), and Teesta (0.16). The circulatory ratio varies from 0 to 1 (where a higher 
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value shows a more circular basin shape) (Miller, 1953). The low values for the circulatory 

ratio in these basins indicate that basin shapes are not circular and suggests that they reflect 

an early stage of topographical maturity, which may significantly affect their hydrological 

response (Rai et al., 2017). High variations of bifurcation ratio have been observed from 

upstream to downstream sub-basins, where the highest bifurcation ratio has been observed in 

the MDS of Teesta (2.27) (Fig. 3.5D). As a whole basin, Teesta shows a relatively higher 

bifurcation ratio (Rb) (1.87) compared to the Manas (1.75) and Torsa (1.77) basins. 

Bifurcation ratios between 3 and 5 means the drainage system is less influenced by tectonics 

(Strahler, 1964), therefore, values in this study (<3–5) infers the dominance of modern 

geomorphic processes rather than tectonics. 

Table 3.4 Comparison of morphometric parameters at selected basins and sub-basins 

Basin Sub-basin Fs Rb Rc Dd Dt Cc If R Rr Rn 

Teesta UPS 1.17 1.79 0.20 0.94 1.10 1.49 1.10 7901 13.80 7.44 

MDS 1.12 2.27 0.20 1.19 1.34 1.62 1.34 4336 6.98 5.15 

DWS 1.22 1.85 0.13 1.11 1.36 1.44 1.36 99 0.18 0.11 

WB 1.14 1.87 0.16 1.07 1.21 3.12 1.21 7901 6.61 8.42 

Torsa UPS 1.07 1.87 0.18 0.92 0.99 2.08 0.99 5981 7.49 5.50 

MDS 1.14 1.81 0.18 0.93 1.07 2.11 1.07 4726 5.83 4.41 

DWS 1.18 1.80 0.18 0.58 1.35 1.58 1.35 2656 4.37 3.05 

WB 1.12 1.77 0.23 0.98 1.10 2.95 1.10 7208 6.36 7.07 

Manas UPS 1.10 1.96 0.13 0.95 1.04 2.64 1.04 4736 4.67 4.50 

MDS 1.13 1.87 0.22 0.88 1.00 2.79 1.00 6944 6.49 6.13 

DWS 1.13 1.92 0.22 1.06 1.19 1.83 1.19 4444 6.32 4.71 

WB 1.12 1.82 0.24 0.96 1.08 3.43 1.08 7490 5.69 7.20 

Note: abbreviations of parameters are according to Table 3.3 
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Fig. 3.5 A) Stream order (Strahler, 1964) maps for (a) Teesta, (b) Torsa, and (c) Manas basin. 

Bar plots of B) stream frequency, C) drainage density, D) bifurcation ratio, and E) relief ratio 

are shown for all the basins and sub-basins. 

The basins in this study are characterized by a large basin relief, which is highest in 

Teesta (7901 m) followed by Manas (7490 m) and Torsa (7208 m), and indicates the 

steepness of these basins (Parveen et al., 2012; Rai et al., 2017). The relief ratio (Rr) of the 

Teesta, Torsa, and Manas basins is 6.61, 6.36, and 5.69, respectively (Fig. 3.5E). The relief 

ratio has a direct relationship with slope gradient, so the relief ratio of the Torsa and Teesta 

basins is also high (Rudraiah et al., 2008). For the whole basin, the ruggedness number (Rn) 

varies from 7.07 to 8.42. Teesta shows higher values (8.42), which implies more rugged 

terrain compared to other basins (Patton and Baker, 1976; Debelo et al., 2017). The variation 

in Rn values reflects slope and relief differences among these sub-basins and basins. 
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3.4.2 Longitudinal profiles analysis 

The longitudinal profile depicts the change in the channel bed elevation over the river's entire 

length from its origin to its mouth (Rhoads, 2020). Fig. 3.6 shows that longitudinal profiles 

are concave-upward to relatively flat. The upstream region in these basins mostly shows a 

steep profile with sharp transitions. The Teesta, Torsa, and Manas's midstream region mainly 

shows gradually decreasing profiles. In contrast, almost flat segments with irregularities are 

observed in downstream areas, where the elevation change is limited but might be very 

sensitive to depositional characteristics. The deviations of the most observed concave nature 

of long profiles with irregularities in these basins may depict the response of long profiles to 

tectonics, change in base level, water discharges, and sediment load characteristics of these 

basins (Goswami, 1985; Whipple and Tucker, 1999; Jiang et al., 2016). The errors or 

irregularities along the valley bottom profiles may arise from converting discrete altitude 

measurements into gridded elevation information of coarse-grained (10 to 30 m resolution) 

DEM data (Hayakawa and Oguchi, 2006; Schwanghart and Scherler, 2017; Rhoads, 2020). 

Fig. 3.6 Longitudinal channel profiles of A) Teesta, B) Torsa, and C) Manas. UPS, MDS, and 

DWS reaches have been considered to show the variations in channel profiles. The distance is 

from the upstream end of each section. 

3.4.3 Topographic analysis 

The topographic factors are described from upland to downslope areas in Table 3.5. 

Generally, a channel slope >25° is preferred for debris or sediment flow initiation, which 
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decreases with increasing catchment area (Takahashi, 1981; Hungr et al., 1984; Rickenmann 

and Zimmermann, 1993; Van Dine, 1996). Here, in the upstream region, the average slope is 

>25° except at Manas (23.41°) basin. The slope in the midstream region drops drastically at 

Teesta (7.97°). Downstream, the lowest slope is found for Teesta (1.72°), followed by Torsa 

(4.31°) and Manas (17.24°). The average slope varies significantly across the whole basin, 

where a higher gradient is found for Manas (23.76°), followed by Torsa (21.78°) and Teesta 

(16.13°). The slope difference at the whole basin scale shows that with a steeper slope, Manas 

has a relatively higher potential for flow or sediment initiation than the Torsa and Teesta 

basins. Overall, the gradient varies highly, reflecting the heterogeneous terrains' behavior. 

Slope significantly controls complex terrain's erosion and deposition potential (Rafaelli et al., 

2001), and the head area slope generally determines the sediment delivery (Fontana and 

Marchi, 1998). The runoff, sediment yield, or sediment transport capacity increased as the 

slope gradient increased (Xiao et al., 2017; Jourgholami et al., 2021). Here, the steeper slope 

has been observed in the upstream areas, showing the potentiality for flow or sediment 

initiation. In contrast, the slope decreased dramatically along the midstream and downstream 

reaches, reducing the sediment connectivity or transport potential and favors deposition. 

Table 3.5 Basin topographic features analyzed (abbreviations are according to Table 3.3) 

Basin Sub-basin Slope (degree) TWI SPI STI LS TPI 

Teesta UPS 27.70 5.80 -1.02 0.39 0.16 -1.67 

MDS 7.97 7.63 -4.09 0.46 0.23 -0.67 

DWS 1.72 8.55 -4.98 0.42 0.21 -0.19 

WB 16.13 7.00 -2.75 0.68 0.31 0.22 

Torsa UPS 27.12 5.80 -1.13 0.39 0.16 -1.34 

MDS 26.43 5.81 -1.19 0.42 0.17 -0.77 

DWS 4.31 8.05 -4.63 0.39 0.20 -0.92 

WB 21.78 6.37 -1.87 0.68 0.29 0.12 

Manas UPS 23.41 6.10 -1.19 0.65 0.26 0.33 

MDS 28.14 5.79 -0.91 0.65 0.25 0.37 

DWS 17.24 6.93 -2.63 0.63 0.29 0.30 

WB 23.76 2.15 -1.43 0.68 0.28 0.10 
 

Further, the TWI has been used to assess the presence of saturation, which is essential 

for ephemeral gully formation (Foster, 1990) and influences the runoff processes and 

suspended sediment flows (Sharma, 2010). Generally, large TWI values are seen at the lower 

slope or on the valley floor of large catchment areas. Here, TWI at UPS varies from 5.80 to 

6.10, with the highest values in Manas (6.10). In the midstream and downstream reaches, the 

TWI ranges from 5.79 to 7.63 and 6.93 to 8.55, respectively, where comparatively higher 
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values are found in downstream reaches. As for the whole basin, the highest TWI has been 

found for Teesta (7.00), followed by Torsa (6.37) and Manas (2.15). The steeper slope 

upstream and high TWI at the downstream zone of the Manas basin can initiate high flows 

compared to Torsa and Teesta basins. Moreover, a significant positive relationship between 

TWI and slope suggests high sediment flow potential at UPS because of a higher gradient and 

lower TWI. In contrast, DWS suggests lower sediment flow caused by a steeper slope and 

higher TWI (Fig. 3.7A). The analysis of TWI illustrates that high values are mostly found 

along the downstream region (mostly flat terrain) while low values are typical in the upstream 

region (mostly steeper terrain). Therefore, the areas with high TWI (i.e., downstream) will 

have a greater risk of gully erosion than areas with low TWI value (i.e., upstream) (Sharma, 

2010). 

Fig. 3.7 Relationship of topographic features A) mean slope and mean TWI; B) mean slope 

and mean SPI in each UPS, MDS, and DWS sub-basins. The slope is in degrees. 

Furthermore, the SPI has been used to evaluate the erosion and potential energy of 

overland flow that is available to cause sediment transport where a high SPI indicates a more 

significant potential for soil erosion (Moore et al., 1993). Upstream, the SPI ranges from 

−1.19 to −1.02, where the highest values are found for Teesta (−1.02), followed by Torsa 

(−1.13), and Manas (−1.19). At midstream and downstream areas, the SPI ranges (−4.09 to 

−0.91) and (−4.98 to −2.63), respectively, where higher values are found in Manas, followed 

by Torsa and Teesta. Similarly, in the whole basin, the highest SPI values are found in Manas 

(−1.43), followed by Torsa (−1.87) and Teesta (−1.87). Intra-basin comparison shows that 

upstream sub-basins show comparatively higher SPI values, possibly caused by higher 

elevation. The significant positive relationship between slope and SPI depicts its high 

potential at UPS (high slope, high SPI) and lower potential at DWS (low slope, low SPI) for 

sediment transport (Fig. 3.7B). Furthermore, the steeper slopes with high SPI and low TWI 

are expected to have high flow and sediment potential. High SPI with steeper slopes at 
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upstream reaches of the Teesta, Torsa, and Manas basins can initiate high flows, but low SPI 

and high TWI with flatter slope downstream may imply the sediment deposition within the 

channel. 

The STI of upstream areas varies from 0.65 to 0.39, and higher values have been 

observed in the Manas basin. In midstream and downstream regions, the STI ranges from 

0.42 to 0.65 and 0.39 to 0.63, respectively. For the whole basin, Teesta, Torsa, and Manas 

show similar values (0.68). The low STI value at downstream reflects the slow mobility and, 

consequently, the accumulation of sediments. Furthermore, a high LS factor value suggests a 

higher rate of soil loss (Vijith and Dodge-Wan, 2019). The LS factor values at UPS range 

from 0.16 to 0.26, where higher values are found in Manas, followed by Torsa (0.16) and 

Teesta (0.16). At MDS and DWS, the LS values range from 0.17 to 0.25 and 0.20 to 0.29, 

respectively. Inter-basin comparison of LS values shows that Teesta has a higher LS value 

(0.31) compared to Torsa (0.29) and Manas (0.28). High LS and STI values are expected to 

initiate the high erosion and flows at the UPS zone, whereas the MDS and DWS may 

experience deposition scenarios. The LS factor directly impacts erosion and transport 

potential from the source region to downstream, where a high LS factor value shows greater 

potential (i.e., UPS of Teesta) (Arabameri et al., 2018; Vijith and Dodge-Wan, 2019). 

Previous studies by Das et al. (2022) found a similar trend of LS values in the Indian 

Himalayan region. 

The application of TPI is limited in the Himalayan region (Chauniyal and Dutta, 

2018). Here, TPI is estimated to infer the slope pattern and landforms of the study area. 

According to Weiss (2001), the landform can be classified as ridges: TPI > 1.0, upper slope: 

1.0 > TPI > 0.5, middle slope: 0.5 > TPI > −0.5 (angles >15°), flat: 0.5 > TPI > −0.5 (angles 

<15°), lower slope: -0.5 > TPI > −1.0, and valley: TPI < −1.0. In our study, the TPI varies 

from −1.67 to 0.33, −0.77 to 0.37, and −0.92 to 0.30 in upstream, midstream, and 

downstream, respectively. Here, the negative TPI values are found in Teesta and Torsa from 

upstream to downstream. The positive values of TPI from upstream to downstream in Manas 

depict its ridge formation, while the negative values in Torsa and Teesta reveal its valley 

formation. However, as a whole basin, none of the basins has negative values of TPI, where 

the highest values are found for Teesta (0.22) followed by Torsa (0.12) and Manas (0.10). 

The TPI values of the whole basin fall within the range 0.5 > TPI < -0.5, which identified 

these basins as middle slope regions, where UPS and DWS are dominated by a steeper slope 
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and a lower slope, respectively. Roy and Das (2021) classified a similar pattern of landforms 

conducted in the eastern Himalayan catchment near the Brahmaputra's northernmost tributary 

(Teesta). The TPI result shows large variations in topography though the results may vary 

because of the basin's radius, scale, or surface roughness (Grohmann and Riccomini, 2009). 

Here, the spatial distribution of TPI illustrates the formation of upper slope to valley-type 

landforms where the sediment may accumulate at DWS because of the flat landscape (Gallant 

and Dowling, 2003). 

Furthermore, this study's topographic features (i.e., TWI and SPI) show significant 

correlations with the standardized terrain geometric signatures (ZlnSLOPE, ZlnHAND, and 

ZTexture) that represent the ground feature efficiently (Iwahashi et al., 2021; Iwahashi and 

Yamazaki, 2022). This correlation represents the validity of topographic patterns obtained 

from the present study (Fig. 3.8). Moreover, the terrain classification map in Fig. 

3.9 represents the hilly mountainous to the lowland features, resembling the spatial 

distribution of topographic features derived from this study. 

Fig. 3.8 Correlation of terrain geometric signatures and topographic features A) ZlnSLOPE 

with TWI and SPI, B) ZlnHAND with TWI and SPI, and C) ZTexture with TWI and SPI. 

P < 0.001 shows a significant level. 
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Fig. 3.9 Terrain classification with geomorphological features of a) Teesta, b) Torsa, and c) 

Manas basin based on the data of Iwahashi and Yamazaki (2022). 
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3.4.4 Index of connectivity (IC) analysis 

3.4.4.1 Spatial analysis of IC 

The spatial IC patterns of studied basins show non-homogenous connectivity potentials (Fig. 

3.10). The region close to the channel network represents the higher potential connectivity 

and the area far from the channel network generally shows lower connectivity potential. The 

pattern of sediment connectivity is essential in large-scale river basins because the degree of 

connectivity is fundamental to understanding the response to natural and anthropogenic 

disturbances (Wohl et al., 2019). The distribution and descriptive statistics of IC values for 

different basins are presented in Fig. 3.11 and Table 3.6, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.10 Spatial distribution of index of connectivity for (a) Teesta, (b) Torsa, and (c) Manas 

basin. 
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Fig. 3.11 Distribution of IC for each basin and sub-basins are shown in box plots. 

Table 3.6 Descriptive IC statistics of studied basins 

Basin Sub-basin Min Max Mean Std. 

Teesta UPS -14.02 2.80 -6.55 1.89 

MDS -14.01 2.08 -7.08 2.02 

DWS -14.21 1.81 -7.02 2.22 

WB -14.42 3.10 -7.30 1.94 

Torsa UPS -13.77 2.79 -5.96 1.91 

MDS -13.78 2.47 -6.63 1.27 

DWS -14.39 1.75 -7.50 2.15 

WB -14.39 3.09 -7.09 1.73 

Manas UPS -14.48 2.76 -4.98 2.27 

MDS -13.83 2.70 -6.34 1.54 

DWS -14.21 2.08 -6.92 1.88 

WB -14.49 3.06 -6.52 1.96 
 

The inter-sub-basin comparison of IC values shows that higher IC values have been 

observed mainly along the UPS zone rather than along the MDS and DWS zones. The higher 

mean IC values (>−6.55) along the UPS zone represent higher potential connectivity within 

the channel because of high hillslope slopes from upstream areas. In the MDS and UPS 

reaches, higher values are observed compared to the DWS, which shows moderate to low 

(<−6.92) IC values. Compared with UPS, the mean IC values at MDS are decreased by 0.53, 

0.67, and 1.36 in Teesta, Torsa, and Manas, respectively. Also, at DWS, the mean IC value is 

reduced by 0.45, 1.90, and 1.94 in Teesta, Torsa, and Manas, respectively, compared to UPS. 

The decreased mean IC values from UPS to MDS and DWS reflect the decrease in sediment 
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connectivity in these basins. The IC variations from upstream to downstream are distinct, 

with high and slightly connected areas visible to higher and lower slope areas. Higher slopes 

in the UPS zone and agriculture patches or built-up areas along the DWS zone may 

contribute to high IC variations from its upstream to downstream (Mishra et al., 

2019; Swarnkar et al., 2020). 

Furthermore, the inter-basin comparison shows higher IC values for Manas (−6.52), 

followed by Torsa (−7.09) and Teesta (−7.30). The difference in mean IC values among these 

basins is not so high but still distinctive. The connectivity pattern may be attributed to the 

upstream-downstream linkage of the basin, where topography and land use play a dominant 

role. However, lower IC values along the DWS of Torsa (−7.50) and Teesta (−7.02) show 

disconnected terrain, affecting the overall sediment connectivity or routing in these basins. 

The lower average annual discharge (1001 m3/s) at Kaunia (Bangladesh) station from (1985 

to 1991) and the decrease of water flow at Dalia point from (1985 to 2006) (Mondal and 

Islam, 2017) of Teesta can confirm the lower IC values and lower connectivity potential at 

the DWS of Teesta (Fig. 3.3 E). In addition, the anthropogenic disturbances along the Teesta 

basin were reported in several cases (Khan and Islam, 2015; Goyal and Goswami, 2018), 

which may significantly affect these basins' sediment connectivity and transport. 

The differential IC values suggest varied connectivity where the UPS are slightly 

better connected and, hence better or more efficient sediment transport than MDS and DWS. 

The lower IC values along the DWS suggest a poorly developed channel and lower sediment 

transport efficiency because of valley-shaped landforms and a more downward slope favoring 

deposition. The significant standard deviation of IC values also illustrates the variability of 

connectivity patterns among these basins (Table 3.6). 

 

3.4.4.2 Connectivity index and ground-based evidence 

Positive correlations between the magnitude of the hydrological process and the sediment 

connectivity or transport were reported in several earlier studies (Hu et al., 2019; Arabkhedri 

et al., 2021; Zanandrea et al., 2021). Correlations between mean IC values and the ground-

based average annual yield of respective basins, collected from the IUCN physical 

assessment report on the Brahmaputra River basin prepared from the India-Bangladesh joint 

field investigation (Mahanta et al., 2014; Pangare et al., 2021), however, shows a slightly 

negative correlation (Fig. 3.12A). On the other hand, the mean IC values plotted against the 

geometric signatures (ZlnSLOPE, ZlnHAND, and ZTexture) of terrain classes, which is a 
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proxy for the topographic application and the sediment supply potential (Iwahashi et al., 

2021), show positive correlations (Fig. 3.12B). Although the sample size of this study is too 

small to statistically validate the results, these may suggest that the relationships between 

sediment connectivity and yield may not follow the general trend in large-scale basins. For 

this, more data collection of IC and site-specific ground-based sediment yield observation 

would be required. 

Fig. 3.12 Correlations between A) mean IC and ground-based average annual yield (blue line 

and gray shading denote the regression line and 95 % confidence interval, respectively), and 

B) Mean IC and geometric signatures of terrain classes (P value<0.05). 

3.4.5 Inter-relationship among morphometric and topographic variables 

Like the morphometric studies of Faghih et al. (2015), Pant et al. (2020), and Różycka and 

Migoń (2021), correlation analysis has been performed here to examine interrelationships 

among fifteen (15) different morphometric and topographic variables. Pearson's correlation is 

frequently used for this purpose and the results of the correlation matrix are given in Fig. 

3.13. The correlation matrix of morphometric and topographic variables depicts a significant 

positive correlation between Dt-Fs, Fs-If, If-Dt, Cc-Rn, slope-SPI, and STI-TPI. Also, 

significant negative correlations between slope-Dt, slope-TWI, If-SPI, and TWI-SPI have 

been observed. Various positive and negative correlations depict the interrelationship and 

importance of these parameters for characterizing the basin. 

In addition, the GLMMs test signifies the effect of morphometric and topographic 

factors (independent variable) on sediment connectivity (IC) (response variable), where SPI 

shows the best fit model (lower AIC) compared to other factors (Table 3.7). The Akaike 

information criterion (AIC) is considered an estimator of a model's relative goodness fit for a 

given dataset, where the lower AIC value represents the best model (Akaike, 1974). 
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Fig. 3.13 The correlation matrix represents the relationships and relative importance of 

morphometric and topographic indices (abbreviations are according to Table 3.3). The right 

half shows the Pearson correlation matrix with the significance level (***P<0.001; **P<0.01, 

*P<0.05). The left half is the data distribution and bivariate scatter plot with fitted lines.  

Table 3.7 Results of Generalized linear mixed models (GLMMs) testing the effects of 

morphometric and topographic factors on connectivity (IC). The models were summarized as 

A) multivariate, B) univariate, and C) Null model in the table 

Explanatory variables Log-likelihood Akaike information 

criterion (AIC) 

P value 

A) Multivariate model       

SPI× Rn×Fs× Dd×Rb 1.89 18.20 <0.001*** 

B) Univariate models       

SPI -8.60 27.20 <0.001*** 

Rn -9.02 28.00 <0.001*** 

Fs -7.90 29.50 0.022 * 

Dd -11.91 33.80 <0.001*** 

Rb -11.88 33.80 0.0087 ** 

C) Null model -11.91 31.80   

Note: When there are multiple explanatory variables that often have correlations with 

each other, this can lead to a distortion of the effects of the explanatory variables on the 

response variables due to collinearities with redundant effects. For this reason, 

explanatory variables without strong correlations (correlation coefficient > 0.7; p < 0.05) 

to others were selected to be included in GLMMs to avoid multicollinearity (Dormann et 

al., 2013). The GLMMs were constructed by considering stream power index (SPI), 

ruggedness number (Rn), stream frequency (Fs), drainage density (Dd), and bifurcation 

ratio (Rb) as main factors, IC as a response variable, and sub-basin nested within the basin 

as a random variable. Multivariate and univariate models denote the interaction and 

univariate effects on response variable, respectively. All models were compared 

separately with null models. 
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3.5 Discussion 

3.5.1 Morphometric characteristics of the basin 

Noticeable differences in the morphometry of stream network, drainage density, stream 

frequency, bifurcation ratio, relief ratio, and longitudinal profiles determine the hydro-

geomorphic response of individual basins. These basins generally show a higher stream order 

of 7th to 8th with the dominance of first order streams indicating the existence of a highly 

permeable lithology leading to a lower infiltration rate, suggesting greater discharge potential 

(Bindu et al., 2012; Oyedotun, 2020). The average annual discharge of 21,434 m3/s at 

Bahadurabad (Bangladesh) station from 1956 to 2011 can validate the discharge potentialities 

of these basins. The lower mean bifurcation ratio of <3 shows that these basins are not much 

influenced by tectonics and geological structure (Sreedevi et al., 2009; Arulbalaji and 

Gurugnanam, 2017). The drainage density values from our study (range: 1.19 to 0.96) may 

result from the weak or impermeable subsurface material, sparse vegetation, and 

mountainous relief (Ozdemir and Bird, 2009; Kanhaiya et al., 2018). The low or moderate 

slope in downstream areas leads to a higher drainage density, whereas the lower drainage 

density characterizes a steeper slope at upstream reaches in these basins. As a result, lower 

surface runoff may be experienced downstream, but an opposite hydrological situation may 

occur in upstream regions. The drainage density is positively correlated with the relief and 

erosion process (Sangireddy et al., 2016; Oyedotun, 2020), rapid storm event runoff 

(Montgomery and Dietrich, 1989; Tucker and Bras, 1998), and hence the sediment supply to 

the fluvial network (Clubb et al., 2016). However, higher drainage density in these basins 

may result in potential hydrological responses such as high catchment runoff and potential 

sediment supply to the downstream fluvial system. The high basin relief of Teesta (7901 m), 

Manas (7490 m), and Torsa (7208 m) that suggest steepness, accompanied by higher rainfall 

patterns (Table 3.1), may determine the hydro-geomorphic characteristics, including flood 

pattern, erosional processes, and sediment transport in these basins (Hadley and Schumm, 

1961; Burrough et al., 2015). Thus, the high relief ratio of these basins may intensify the 

erosion processes and increase the sediment transport capacities that are produced by 

upstream portions. Various morphometric features discussed here may significantly control 

geomorphological processes and the hydrological behavior of downstream areas. 

The upstream region shows a mostly steepened longitudinal channel, indicating the 

potential erosion and sediment transport from the upstream headwater region. Our sediment 
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connectivity analysis also suggests higher IC and connectivity potential at most upstream 

reaches than midstream and downstream. The channel steepness patterns and irregularities 

show that the studied basins are erosional landscapes controlled by regional tectonic uplift, 

water, and sediment discharge (Goswami, 1985; Shi et al., 2020). Downstream, mostly 

dissecting profiles with errors or irregularities have been observed where the elevation 

change is limited but may be sensitive to the deposition of sediment. It can also be assumed 

that, after traveling a long distance, the sediments may be deposited in downstream areas, 

which are the characteristics of riffle-pool sequences at lowland rivers (Wohl and Merritt, 

2008; Rhoads, 2020). The typical concave profiles associated with downstream decreases of 

elevation characterize the wider valleys, which may impede sediment connectivity and 

transport potentials of these basins. With the decline of gradient in the downstream direction, 

the main channel of the Brahmaputra basin receives sediment inflow from many tributaries, 

creating a possible clogging of the sediment, giving it an intensely braided character 

(Rajbanshi et al., 2022). The excessive channel deposits, locally called chars (river islands) 

visualized from the field investigation, are typical characteristics of a braided river that may 

significantly alter the geomorphology of Brahmaputra's channel planform (Takagi et al., 

2007; Rajbanshi et al., 2022). 

It is known that the topographic factors affect the sediment discharge and connectivity 

in a river basin (Cheng et al., 2017). The responses of different topographic factors suggests 

that steep slopes with high SPI, STI, and lower TWI are expected to have high sediment 

connectivity and transport potential in the UPS region. On the other hand, a more gently 

sloping basin with lower SPI, STI, and higher TWI shows lower sediment connectivity and 

transport potentials at midstream and downstream favoring deposition. The recent field 

investigation at Teesta downstream in Bangladesh also reveals the presence of depositional 

features, where bankline erosion is widespread and sediments accumulated (Fig. 3.1C–D). 

Furthermore, the terrain classification data of Iwahashi and Yamazaki (2022), proxy to the 

topographic applications, correlates significantly with our study's topographic pattern and 

effectively reflects our observations. However, topographic factors derived from a 30–m 

DEM resolution may affect the values of the indices, which can be investigated in future 

research (Chen and Yu, 2011; Panagos et al., 2015). 
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3.5.2 Sediment connectivity of the basins 

In geomorphology, sediment connectivity studies are valuable to understand the sediment 

dynamics (Heckmann et al., 2018; Wohl et al., 2019), characterizing the geomorphic system 

(Buter et al., 2022), and addressing geomorphic vulnerabilities (Alca'ntara-Ayala, 2002), 

which is considered here for understudied Brahmaputra River. The meteorology, drainage 

basin and topographic characteristics, and connectivity index affect the sediment dynamics of 

these basins (Table 3.8). The spatial mapping of hillslope to channel connectivity shows 

considerable variations and inhomogeneity in these basins (Fig. 3.10). The slopes, debris 

fans, and alluvial plains are considered key drivers influencing the sediment conveyance from 

hillslope to channel within the sediment cascade (Fryirs et al., 2007; Messenzehl et al., 2014). 

Here, the presence of bedrock mountains, mountainous valleys with large highland slopes, 

and lowlands near the water table from upstream to downstream might be one reason for such 

an inhomogeneous connectivity pattern in these basins (Sharma et al., 2012). However, 

limited ground-based average annual yield data, field investigations, and quantitative 

geometric signatures based terrain classification greatly support our sediment connectivity 

analysis. 

Table 3.8 Comparison of the overall response to sediment connectivity 

Basin Remarks based on meteorology, geo-morphometry, topographic, and 

connectivity features 

Teesta Steep terrain, high relief ratio, higher SPI, STI, and IC at UPS, and higher 

annual rainfall infer a highly connected system, but dissected stream profiles 

and lower topographic control at MDS and DWS limit connectivity potentials. 

Torsa Steep terrain, high relief, higher SPI, STI, and IC values at UPS with moderate 

annual rainfall infer a highly connected system for potential sediment 

transportation. However, connectivity decreases at DWS caused by lower SPI 

and topographic control. 

Manas Moderate relief ratio, gentle stream profiles, and lower annual rainfall infers a 

moderately connected system instead of relatively higher IC values at UPS 

compare to MDS and DWS. 
 

High IC values with higher slope, SPI, and STI depict a highly connected zone 

(coupled with stream network) along the UPS, resulting in increased sediment transport 

efficiency as mentioned by previous studies (López-Vicente et al., 2013; Jing et al., 2022). 

The high IC pattern in the upstream region corresponds with the presence of highland slopes, 

hilly mountains, and steep valleys (Sarma, 2004; Singh, 2007; Iwahashi et al., 2021). On the 

other hand, low IC values with lower slope, SPI, and STI along the MDS and DWS depict a 
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minimally connected zone where the transported sediments maybe deposited. These lower IC 

values indicate the propensity of these areas to be decoupled from the stream network 

because of gentler slopes and longer flow paths (Fryirs et al., 2007). The considerable 

number of large and mid-channel bar developed along with bank migration within the studied 

basin (Singh, 2007; Sharma et al., 2012; Ashworth and Lewin, 2012), especially in middle 

and downstream areas, may configure lower connectivity aspects, which may alter the 

Brahmaputra's planform characteristics (Rajbanshi et al., 2022). In turn, the frequent changes 

of channel planform may influence the basin-scale geomorphology (Rajbanshi et al., 2022) 

and increase flood risks (Rao et al., 2020), which is predicted based on Brahmaputra's basin 

hydrology (Alam et al., 2016) and sediment flux (Rahman et al., 2018). 

The upstream-downstream linkages of geomorphological processes in Himalayan 

River basins were severely impacted by anthropogenic structures, i.e., channel diversions, 

hydroelectric projects, dams, embankments, etc. (Nepal et al., 2014). The dams in Ganga–

Brahmaputra control the discharge, which caused a 31 % reduction in its downstream 

sediment contribution compared to the past and is expected to be aggravated in the future 

(Gupta et al., 2012; Higgins et al., 2018; Bandyopadhyay et al., 2023). The anthropogenic 

disturbances on the large river systems may result in the reduction or loss of connectivity and 

the nature of sediment supply (Jain and Tandon, 2010; Fryirs and Brierley, 2013; Sinha and 

Ravindra, 2013; Oyedotun, 2016). Hence, the anthropogenic modifications (hydroelectric 

projects, dams, barrages, channel diversions, hydro-engineering structures) noticed along the 

studied basins (Fig. 3.14) may decrease sediment connectivity or (dis)connectivity in the mid-

to-downstream region and potentially reduce the flow-sediment flux to the main channel. For 

instance, the diversion of upstream water of the Teesta basin by Gozoldoba (India) and 

Teesta barrage (Bangladesh) led to a severe water shortage and the channel drying up in 

downstream Bangladesh (Mondal and Islam, 2017; Goyal and Goswami, 2018; Singh et al., 

2021; Pangare et al., 2021) (Fig. 3.15). Hence it might be one of the reasons for the 

substantial decrease of sediment connectivity of Teesta at MDS and DWS compared to the 

upstream areas. Also, the alternation of the natural flow of the Torsa and Manas rivers caused 

by hydro-engineering structures was reported earlier, which might influence the decreased 

sediment connectivity along the midstream and downstream regions of these basins (Sharma 

et al., 2012; Yasuda et al., 2017; Higgins et al., 2018; Saha and Bhattacharya, 2019). The 

study of Poeppl et al. (2017) underlines the impacts of human-induced alternation of fluvial 
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processes, connectivity, and geomorphic changes in the catchment systems, but are beyond 

the scope of this article. 

Fig. 3.14 The spatial distribution of anthropogenic inferences (dams, barrages, hydroelectric 

plants, channel diversion, and hydro-engineering structures) along Brahmaputra basins 

(Teesta, Torsa, and Manas) is shown with background topography as an example. The 

enlisted (16) anthropogenic modifications are the i) Teesta low DAM-III, ii) Rammam 

hydroelectric project-III, iii) Teesta low DAM- IV project, iv) Gazoldoba barrage & diversion 

at Teesta (India), v) Teesta barrage & diversion (Bangladesh), vi) Punatsangchhu-I 

hydroelectric project, vii) Punatsangchhu-II hydroelectric project, viii) Basochhu hydropower 

project, ix) Kurichu hydroelectric project, x) Mandechchhu hydroelectric project, xi) 

Tangsibji micro hydropower plant, and xii-xvi) Hydro-engineering structures. The location 

and name of the anthropogenic modifications are based on google earth satellite imagery. 

Furthermore, land cover directly affects sediment connectivity (López-Vicente et al., 

2013; Llena et al., 2019), and here the decreased connectivity from the up-to-downstream 

region may be attributed to the presence of high vegetation coverage and lower agricultural 

patches or barren land (Table 3.1), which may potentially impede the sediment transfer. The 

heterogeneities of the spatial pattern of sediment connectivity presented in this study can 

have drastic impacts on the overall behavior at basin-scale river system because the changes 
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B) 

D) C) 

A) 

Teesta barrage 

Diverted channel 

in connectivity may lead to changes in morphodynamics and sediment budgets (Fryirs et al., 

2007; Turnbull et al., 2008). Connectivity studies in different parts of the world, for example, 

India (Mishra et al., 2019; Swarnkar et al., 2020), China (Xie et al., 2020), Japan (López-

Vicente et al., 2017), Spain (Llena et al., 2019), the Italian Alps (Cavalli et al., 2013; Martini 

et al., 2020), the Swiss Alps (Messenzehl et al., 2014), and Brazil (Zanandrea et al., 2019) 

shows how the connectivity at different scales (e.g., hillslope, river reach, sub-catchment) 

affect the sediment dynamics and geomorphic processes. Similarly, our connectivity analysis 

identified the upstream watershed as a sensitive part of the landscape where the channel 

network or the morphodynamics (e.g., hillslope-channel network, upslope erosion, activation 

of sediment source by landsliding) severely impacts the connectivity in downstream areas and 

hence the basin-wide fluvial-geomorphic processes. 

Fig. 3.15 A) Teesta barrage in Bangladesh, B) diversion of channel from the barrage for 

irrigation, C) deposition within the channel, and D) erosion along the bank. 

The highly connected upstream region may increase the Brahmaputra's sediment flux, 

but the reduced connectivity downstream may cause sediment storage within the floodplain 

and contribute to the riverbed aggradation (Fryirs et al., 2007; Poeppl et al., 2020). The 
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partial connectivity or (dis)connectivity scenario observed here may form a barrier to 

sediment movement (transport-limited system), restraining the large volume of sediment 

transfer supplied from upstream along the lowland plain (Brierley and Fryirs, 2005; Fryirs 

and Brierley, 2013). The (dis)connectivity affects the internal dynamics of the sediment 

cascade both spatially and temporally, which provides a basis to examine cumulative 

responses to disturbance, whether natural or human-induced (Fryirs and Brierley, 2013). In 

partially connected or disconnected systems, materials eroded and transported from upstream 

parts of catchments may be deposited in accumulation zones (lowland plains or broad alluvial 

plains) over different periods, marked by alluviation, aggradation, and long-term sediment 

storage (Brierley and Fryirs, 2005; Jain and Tandon, 2010; Fryirs and Brierley, 2013). The 

sediment storage scenario (~49 % of eroded sediments) and riverbed aggradation rate 

(~1.47 cm/yr in the Brahmaputra) before the mouth of the Ganges–Brahmaputra (GB) rivers 

(Islam et al., 1999; Garzanti et al., 2011; Ashworth and Lewin, 2012; Dietrich et al., 

2020; Faisal and Hayakawa, 2022), convincingly supports our study's observation, with the 

decreased connectivity or (dis)connectivity the depositional features may become prominent 

and hence may affect basin-wide geomorphic linkages. 

3.5.3 Sediment transport potentials and implications 

The sediment dynamics of these basins may be controlled by climatic, hydrological, 

geomorphometric, and sediment connectivity patterns. The SPI works as a proxy of 

discharge, which is related to the upslope contributing area and represents topographic 

steepness (Fontana and Marchi, 2003). Furthermore, Swarnkar et al. (2020) showed that 

sediment connectivity and stream power have equal importance in efficient sediment 

transport to the downstream region. Furthermore, the lower AIC value from the GLMMs test 

defines SPI as one of the influential factors on sediment connectivity potentials (Table 3.7). 

Therefore, SPI and IC have been integrated to demonstrate the combined effects on these 

basins' sediment transport potentials or accessibility. Then, the sediment transport potential 

maps (STPM) are prepared for respective basins (Fig. 3.16), which provides a general portrait 

of sediment transfer potentials and conveys critical information to identify the reaches that 

may receive higher sediment supply and transport along the main channel. The STPM raster 

images have been classified into five classes using natural breaks classification with 

successive classes of ‘very low,’ ‘low,’ ‘average,’ ‘high,’ and ‘very high,’ indicating 

increasing potential sediment transport (Xie et al., 2020). Our analysis suggests higher 
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sediment transport potential along the UPS region. In contrast, the MDS and DWS regions 

have low to very low sediment transport potential and may favor sediment deposition. These 

depositional phenomena may increase the severity of hydrological floods and erosion in the 

downstream region. For instance, approximately 2000 km of river reaches of Bangladesh 

annually experience bank erosion because of the floods, which resulted in the increase of 

homeless or landless people or even loss of human life (28,700 and 600 deaths caused by the 

flood of 1974 and 2007, respectively) (Siddiqui et al., 2018; Mondal et al., 2020; Pradhan et 

al., 2021). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.16 Sediment transport potential maps for (a) Teesta, (b) Torsa, and (c) Manas basin. 

Hence, in the simplified representation of sediment transport potential maps, areas 

characterized by high to very high or low to very low value classes could become observation 
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hotspots for future hydrological or sediment disaster management focusing downstream. For 

instance, identifying hot spot connectivity areas, strategic dredging or de-siltation of 

sediments, river interlinking, and improvements in channel navigation that consider the 

potential sediment transfer pathways and geomorphic processes can be effective for disaster 

management in the deltaic landscape of a downstream country in South Asia that is densely 

populated (about 41 % of the basin's population of 83 million resides in Bangladesh) 

(Mahanta et al., 2014; Foerster et al., 2014; Wohl et al., 2019; Martini et al., 2019). Our study 

provides the sediment transport pathways, a prerequisite for an efficient sediment 

management framework (White and Apitz, 2008) and sustainable river basin management 

(World Bank, 2015), encouragingly practiced in neighboring countries like India (Mishra et 

al., 2019; Swarnkar et al., 2020), China (Xie et al., 2020; Jing et al., 2022), and other parts of 

the world (Poeppl et al., 2020). Moreover, the conceptual considerations gained with 

morphometric GIS approaches and field investigation provides a valuable representation of 

sediment dynamics and fluvial geomorphic processes, particularly at the basin scale. 

However, it should be mentioned that the current approach to representing potential sediment 

transfer does not consider the whole spectrum of the sediment transfer process, e.g., high 

runoff, precipitation events, monsoonal floods, landslides events, etc. Furthermore, sediment 

size exerts significant influence on the sediment transport and depositional processes in the 

river system, which is highly variable and requires extensive grain size analysis for a better 

representation of sediment runoff in these large basins (Fryirs and Brierley, 2013; Oyedotun, 

2016). Addressing these issues requires a more sophisticated approach with increased input 

data (higher resolution multitemporal DEM, more ground-based observations, river discharge 

data, etc.). In addition, it should be noted that the sediment transport potential may be 

changed, reduced, or disconnected by various anthropogenic structures on the upstream 

channel for multiple purposes like hydroelectric power generation, irrigation, navigation, 

water supply, flood moderation, etc. (Pradhan et al., 2021). Therefore, river engineering 

structures like embankments, dams, barrages, etc., should be planned in such a sustainable 

way that does not disturb the hydro-geomorphic regime and, simultaneously, lower the risk of 

recurrent sediment disasters in downstream regions. In addition, the proposed workflow, 

which is developed from open-source data, can be replicated in other areas where the high-

resolution data are not available or inaccessible, but large-scale sediment transport processes 

need to be investigated effectively. 
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3.6 Conclusions 

The middle Brahmaputra River basin's geomorphic diversity and sediment connectivity have 

been studied using meteorological factors (rainfall and discharge variability), 

geomorphometric and topographic variables, and a sediment connectivity index. These basins 

are characterized by contrasting morphometry, steep and dissected channel profiles, different 

topographic responses, and inhomogeneous sediment connectivity patterns that affect the 

river system's overall connectivity and sediment transport potentials from upstream to 

downstream. The highly connected system at the upstream zone with steep topography and 

higher rainfall intensity demonstrates its higher sediment transport potential. Nevertheless, 

the connectivity reduces in the mid-to-downstream area with mild or low topographic 

features, lowering the sediment transport potential and resulting in deposition, which may 

affect the basin-wide geomorphic processes. Despite limitations in DEM resolution and 

functionalities of IC and topographic indices, the computation of IC and other topographic 

parameters from the present study in an understudied basin gives a general portrait of 

sediment transport behavior, providing the first step towards integrated river basin 

management. This study contributes to the current literature and would be helpful to local 

administrators or policymakers in future river adjustments and planning, where understanding 

sediment connectivity or sediment transport pathways is crucial for large-scale sediment 

management and integrated river basin management. Additionally, understanding large-scale 

sediment connectivity and its impacts on sediment transport because of monsoon dynamics, 

climate change scenarios, and human interventions in the upper Brahmaputra is the most 

challenging problem in such large basins, which needs to be investigated in the future. 

Therefore, the current approach of integrating the geomorphic characteristics, topographic 

features, and connectivity index from freely available remote sensing data and easily 

implementable geospatial tools may encourage different groups of researchers to carry out 

multi-temporal geomorphic analysis (event-based, monthly, seasonal and annual scale) taking 

this study result as baseline information for future investigations. Furthermore, the 

availability of high-resolution multi-temporal DEM and ground-based sediment yield 

observations can provide further insights into the factors controlling fluvial dynamics and 

sediment connectivity in such diverse transboundary river basins. 
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Graphical abstract of Chapter 3: 

 

Highlights of Chapter 3: 

o Morphodynamics and sediment connectivity patterns are key determinants of fluvial-

sediment dynamics in Brahmaputra River basin. 

o The sediment connectivity varies across the basins and is highly influenced by the 

upstream’s hydro-geomorphic responses. 

o Partial connectivity or (dis)connectivity in mid-to-downstream is sensitive to deposition, 

impacting geomorphic linkage. 

o Understanding large-scale geomorphic processes is required for sustainable river 

management in disaster-prone South-Asia. 
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Chapter 4 

Topographical dynamics based on global and UAV-SfM derived DEM 

products: A case study of transboundary Teesta River, Bangladesh 

 

4.1 Introduction 

In fluvial geomorphology, river topography measurement is a significant concern and a basic 

descriptor for understanding the geomorphic processes (Woodget et al., 2014; Özcan and 

Özcan, 2021). The analysis of spatiotemporal modifications of the river, which are suddenly 

changing the flow pattern and hydro-geomorphology due to natural and anthropogenic 

factors, requires better hazard assessment since these processes can result in flood 

phenomena and suffering to human society (Rinaldi et al., 2017; Fanta-Jende et al., 2020). In 

this regard, river topographic model plays a critical role in investigating a range of the earth's 

surface processes and detailed monitoring of the fluvial environment (Watson et al., 2019; 

Salandra et al., 2022). For topographic studies, freely accessible global digital elevation 

model (DEM) products such as National Aeronautics and Space Administration DEM 

(NASADEM, released in 2020), ALOS Global Digital Surface Model (AW3D30, released in 

2020), TerraSAR-X add-on for Digital Elevation Measurement (TanDEM-X, released in 

2018), Multi-Error-Removed Improved-Terrain (MERIT, released in 2017), Advanced 

Spaceborne Thermal Emission and Reflection satellite (ASTER, released in 2006), and 

Shuttle Radar Topography Mission (SRTM, released in 2003) are often used in the absence 

of finer resolution data which is limited for multitemporal assessment (Watson et al., 2019; 

Uuemaa et al., 2020). Among the existing freely available global DEM data sets, the 

NASADEM, reprocessed from the STRM-1999 measurement offer near-global land surface 

coverage at 30 m spatial resolution has been considered here as baseline topography because 

of its recent improvements and accuracy (NASA JPL, 2020; Uuemaa et al., 2020; Tran et al., 

2023; Faisal and Hayakawa, 2023). The orbital nature of satellites hampered the revisit 

frequency (i.e., low temporal resolution) to the same location, so it is not easy to track 

dynamically changing rivers (Rhee et al., 2018).  

The recent advents in Unmanned Aerial Vehicles (UAVs) are advantageous over 

satellite and piloted aircraft in data acquisition which is widely used in monitoring dynamic 

changes in river morphology (Van Iersel et al., 2016; Rusnák et al., 2018; Cai et al., 2022), 

natural hazards management (Giordan et al., 2018), and water resource management 
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(Acharya et al., 2021). The high-resolution DEMs generated from UAVs following the 

structure-from-motion (SfM) multi-view stereo photogrammetry (SfM-MVS) workflow are 

becoming increasingly common for assessing earth surface processes (Smith et al., 2015). 

Several studies, for example, Annis et al. (2020), Avand et al. (2022), Oguchi et al. (2022), 

and Salandra et al. (2022), demonstrated the importance of high-resolution DEMs for more 

accurate geomorphological and topographical analysis. The advances in survey equipment 

(i.e., UAVs, LiDAR) and data processing software (i.e., Agisoft Metashape) enables the 

production of rapid and accurate high-resolution topographic data (i.e., DEMs), over the 

decades in river environments (Picco et al., 2023). The characterization of hydro-

geomorphological features, channel planform changes, and sediment dynamics (erosion and 

deposition processes) can be performed using high-resolution topographic analysis, which 

can significantly improve our understanding of fluvial regimes (Salandra et al., 2022). The 

advanced remote sensing techniques (i.e., LiDAR-light detection and ranging, UAV-SfM) are 

encouragingly used in South Asian countries like China, India, Bhutan, Nepal, and Pakistan 

for fluvial-geomorphic research (Faisal and Hayakawa, 2022). In contrast, the UAV-based 

approaches in fluvial geomorphological and topographical studies are still scarce or have not 

started in the context of the Ganges-Brahmaputra-Meghna (GBM) river system in 

downstream Bangladesh that is highly influenced by upper basin’s morphodynamics, 

hydrology, sediment flux, and anthropogenic stressors (Faisal and Hayakawa 2022, 2023).  

The recent advancement of fluvial research mentioned by Oguchi et al. (2022) and the 

geomorphic research gaps in large South Asian GBM Rivers by Faisal and Hayakawa (2022, 

2023) necessitates the UAV-based topographic survey to assess the geomorphic features at 

Brahmaputra's river system that changes dramatically. In Bangladesh, several scholars have 

employed multi-temporal satellite imageries to investigate the Teesta River (Brahmaputra’s 

tributary), focusing on channel dynamics (Khan and Hossain, 2001; Khan et al., 2015; 

Ashrafi et al., 2016; Akhter et al., 2019), channel bar evolution (Ghosh, 2014; Khan and 

Islam, 2015), and water flow patterns (Mullick et al., 2010; Mondal and Islam, 2017). 

Besides, several studies about morphological dynamics also exist in the upper part of 

transboundary Teesta River in India, such as Mandal and Chakrabarty (2016), Goyal and 

Goswami (2018), and Lukram and Tandon (2022). Unfortunately, little or no attention has 

been paid to the past literature on topographic change studies due to unavailability of 

multitemporal topographic data in the Teesta River that may have significant implications for 

understanding the sedimentation pattern and river floodplain management in disaster-prone 
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South Asian region. The present area of interest mostly relies on freely accessible terrain data 

sources. Hence, the topographic survey for introducing high-resolution terrain data has 

become necessary for investigating this region's topography and associated geomorphic 

dynamics. Therefore, the present work focuses on utilizing UAV imageries and newly 

available NASADEMs to assess the river's topographical dynamics as well as to show the 

potential applicability of advanced modern remote sensing techniques in developing areas of 

South Asia, Bangladesh along the Brahmaputra's right bank tributary (Teesta River). 

The combination of advanced UAV-SfM techniques and satellite remote sensing 

embedded with field-based approaches may be helpful for topographic change studies, as the 

multitemporal DEMs were unavailable for the present area of interest. Recently, several 

studies have been conducted in different parts of the world deriving the topographical and 

morphological dynamics comparing the UAV-DEMs to the global DEM products, such as 

Hsieh et al. (2016) (Taiwan), Watson et al. (2019) (Nepal), Tang et al. (2019) (China), and 

Parizi et al. (2022) (Iran). Although the UAV survey will cover small area compared to the 

enormity of the Teesta River, this study definitely fills the knowledge gaps of the previous 

studies. The present study is attempted as a novel case study in deriving UAV-SfM-based 

high-resolution topography (UAV-DEM) and later compared with the available global DEMs 

(NASADEM) to evaluate the topographical dynamics and fluvial-geomorphic processes in 

South-Asian context focusing at Teesta River, Bangladesh (Fig. 4.1). Hence, the author 

assumes that the dynamics of topographic and volumetric changes (erosion and deposition) of 

a flood-vulnerable transboundary Teesta River in the Bangladesh floodplain can be quantified 

from the calculation of the difference between subsequent DEMs (DEM of Difference-DoD) 

during a specific time interval via two DEM data sets (UAV-DEM 2022 and NASADEM 

1999) (Wheaton et al., 2010; Picco et al., 2023). Therefore, this article aimed to a) assess the 

topography and geomorphological features focusing on changes in elevation, volumetric 

estimates, and river cross-sectional profiles at disaster-prone Teesta River, and b) introducing 

UAV-SfM techniques for high-resolution data acquisition in the lowland river environment 

as a baseline topographic survey. The study's outcomes will help to understand the 

topographical dynamics and fluvial-sedimentation processes which can play crucial role in 

taking adaptive strategies for river floodplain management and reduce the people's suffering 

from repeated sediment disasters. 
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4.2 Materials and methods 

4.2.1 Study area and UAV mission planning 

This study has been conducted in the transboundary Teesta River that flows through the 

highlands in Sikkim, the hills of West Bengal, and the floodplains of West Bengal (India) and 

Bangladesh (Fig. 4.1). This river has a length of 414 km, drains an area of around 12,159 

km2, and traverses two different countries "India" (83%) and "Bangladesh" (17%) (Alford, 

1992). In Bangladesh, the Teesta River traverses (170 km) through the extreme northern part 

of Bangladesh (Nilphamari, Lalmonirhat, Kurigram, Rangpur, and Gaibandha district) and 

are crucial for almost 10 million people in this region (BBS, 2016; Islam, 2016). The Teesta 

floodplain covers around 14% of the country's total cultivated land and is one the largest 

geomorphic units of Bangladesh (Akhter et al., 2019). It plays a crucial role in flushing silt 

and sediment deposited during the dry season, the region's lifeline for irrigation, agriculture, 

farming, fishing, and navigation (Prasai and Surie, 2013). The sediments are mainly recent 

floodplain deposits comprising of clay, silt, fine, and medium grain sand (Islam et al., 

2014). The study area falls in a sub-tropical monsoon (June to September), mostly dry 

climatic region (pre-monsoon and post-monsoon), where mean annual rainfall is more than 

1900 mm (decadal 2010-2019 average of 2408 mm) with mean temperature of 35°c and 15°c 

in the summer and winter seasons, respectively (Rahman et al., 2011; Akhter et al., 2019; 

Faisal and Hayakawa, 2023). The annual average discharge of Teesta River ranges from 

(280‒470 m3/s) over the 2011‒2022 period, where extreme low-flow conditions (<50 m3/s) 

(Fig. 4.2) during the dry season are likely to occur more frequently after India implements the 

Gozoldoba barrage in 1993 (Higano and Islam, 2002; Islam, 2016; Pangare et al., 2021).  

Unfortunately, the exclusive control of Teesta's upstream water in the dry season at 

Gozoldoba (India) makes the Teesta barrage (operation started in 1990) in useless and fails 

the irrigation project in northern Bangladesh (Khan, 2001; Mondal and Islam, 2017; Goyal 

and Goswami, 2018). Furthermore, the sudden release of excessive water in the rainy season 

causes flood and bank erosion, leading to severe suffering for the people in Bangladesh 

(Higano and Islam, 2002). Given the large area of the Teesta River in Bangladesh (>2071 

km2), this study selects two cross-sections considering the minimal UAV survey coverage, 

assumed to be representative of the river’s topographical and morphological features 

investigation focusing on dynamics changes of sediment and water on the floodplain over the 

years (Mondal and Islam, 2017; Akhter et al., 2019). The selected two cross-sections (CS-1 

https://www.sciencedirect.com/science/article/pii/S1040618218309042?via%3Dihub#bib30
https://www.sciencedirect.com/science/article/pii/S1040618218309042?via%3Dihub#bib30
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and CS-2) were relatively upstream and downstream from the location of the Teesta barrage 

(Fig. 4.1C), which is one of the anthropogenic interventions along the main river channel.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 A) Overview of study sites in Teesta River (Brahmaputra’s tributary) showing the 

transboundary flow regime, B) elevation map with drainage channel, C) enlarged view of 

selected cross-sections, D-E) example of mission plan in DroneDeploy for CS-1 and CS-2, 

and F-G) field pictures showing the erosion along the bank at CS-1 and CS-2 taken in Aug 

2022. 

D) 

Teesta barrage 

26.2050° N, 88.9967° E 

F) G) 

26.1778° N, 89.0802° E 

E) 

Teesta barrage 
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The UAV survey was planned in DroneDeploy, where Google Earth Pro was used to 

select the mission coordinates. The UAV used for the image recording is the DJI Mavic 2 Pro 

(equipped with a 20-megapixel, 1-inch RGB CMOS sensor and 35 mm f 2.8 lens with a 77° 

field of view), adjusted the altitude in Height Above Ellipsoid (HAE) to elevation using 

EGM96 (Earth Gravitational Model 1996) geoid model. The UAV automatically captured 

imagery, and each image was georeferenced with 3D coordinates from the UAV's global 

navigation satellite system (GNSS) receiver. Multiple flights with more than 75% front 

overlaps and 60% side overlaps were ensured to reduce the dome effect and uncertainty in 

elevation measurement (James and Robson, 2012; Hayakawa and Obanawa, 2020). With this 

flight plan (Table 4.1), 775 and 1,050 photos were collected from CS-1 and CS-2, 

respectively (Fig. 4.1 D-E).  

Fig. 4.2 Yearly discharge experienced by study reach measured at Dalia (Teesta barrage) 

gauging station from (2011-2022) (Data source: Hydrology directorate, BWDB).  
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4.2.2 Data processing 

4.2.2.1 UAV data processing 

The collected UAV imageries were processed using SfM-MVS photogrammetry software, 

Agisoft Metashape Professional (version 1.8.1 Build 13915, 64-bit), which can produce 

accurate DEMs from suitable photographs and are used for geomorphic observations, i.e., 

debris flow, landslide area, sediment deposits, etc. (Tsunetaka et al., 2020; De Haas et al., 

2021). The standard workflow has been followed to generate the DEMs and orthophotos from 

the collected photographs (Smith et al., 2015; Saito et al., 2018; Hayakawa and Obanawa, 

2020; Giulietti et al., 2022; Agisoft, 2022). The photograph datasets were imported into 

Metashape, and the ‘estimate image quality’ program was run for all the photographs before 

the image alignment. An image quality value of 0 to 1 indicates the sharpness of the 

photograph (Wang and Watanabe, 2022), and here the photographs with a value >0.7 were 

used for subsequent processing. Here, some unnecessary photographs (e.g., repeated 

photographs) were deleted to reduce the processing work.  

Distorted pictures resulting from the windy conditions on the flight day and water 

surface reflectance limit the image alignment in data processing (Hinge et al., 2019). Here, 

original UAV image coordinates obtained by uncorrected single positioning of the aircraft 

GNSS receiver were used for image alignment. After that, image alignment of medium 

quality was applied to generate the point clouds. Then these point clouds were further 

processed to generate high-resolution DEMs (as new DEM) and orthorectified images at 

WGS 1984 (UTM Zone 46N) coordinate system. We adopted this approach because of the 

unavailability of external GNSS receiver station, ground control point (GCP), referenced 

map, and difficulty in accessing possible check points locations in the land-side area. We 

needed extensive locations along the survey site to place if the check points or GCPs were to 

be placed for reducing model error (James and Robson, 2012; Hayakawa and Obanawa, 

2020), but the accessibility was quite limited (Fig. 4.1F-G). The error of generated DEM in 

the absence of GCPs mostly comes from rational function model error and may impact on the 

accuracy of generated DEM (Wang et al., 2019). The characteristics of UAV surveys and the 

generated DEMs and Orthorectified images are given in Table 4.1.  
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4.2.2.2 NASADEM processing 

The NASADEM_HGT (30m, void-filled), created by the NASA-MEaSUREs program and 

publicly released in February 2020, have been downloaded for the area of interest from 

NASA-LPDAAC (Land Processes Distributed Active Archive Center) website (available at 

https://earthexplorer.usgs.gov/) (NASA JPL, 2020; Buckley et al., 2020). The necessary 

processing including mosaicking, raster projection, and clipping of acquired data have been 

performed in ArcGIS (ESRI). This study selected NASADEM (as reference surface or old 

DEM of 1999) from global DEMs products because it is relatively new and considered as the 

most accurate compared to other freely available DEM datasets, e.g., ASTER, AW3D30, 

MERIT, SRTM, and TanDEM-X (Franks et al., 2020; Uuemaa et al., 2020; Li et al., 2020; 

Tran et al., 2023; Faisal and Hayakawa, 2023).  

 It is reprocessed from the radar-based SRTM 1999 (Farr et al., 2007) with many 

improvements to its quality, notably void reduction and artifacts removal through improved 

phase unwrapping using auxiliary data from various datasets such as ASTER GDEM, PRISM 

(Panchromatic Remote-sensing Instrument for Stereo Mapping), GLAS (Geoscience Laser 

Altimeter System), and ICESat (Ice, Cloud, and Land Elevation Satellite) in processing 

techniques (Crippen et al., 2016, Buckley et al., 2020; Oguchi et al., 2022; Tran et al., 2023). 

The vertical accuracy of NASADEM has been revealed as 5.3 m (USA) (Buckley et al., 

2020), 6.39 m (Estonian) (Uuemaa et al., 2020), 6.59 m (China) (Li et al., 2022), 12.08 m 

(New Zealand) (Uuemaa et al., 2020), and 12.6 m (Tibetan Plateau) (Chen et al., 2022). 

Furthermore, the NASA Jet Propulsion Laboratory (creators of the dataset) claims that the 

radar does an excellent job of penetrating the vegetation canopy, so the digital terrain model 

(DTM) bias is not significant (Franks et al., 2020).  

4.2.3 Methods  

4.2.3.1 DEM of difference (DoD) and volumetric estimates 

The differencing of sequential DEMs to create a DEM of difference (DoD) is particularly 

relevant to geomorphic studies because a DoD may provide spatially distributed surface 

model of topographic and volumetric change over time (James et al., 2012). Recently, the 

DoD maps have been widely used in various studies regarding sediment transport, erosion 

volume estimation, landslides, and earthflow (Rumsby et al., 2008; Tseng et al., 2013; Hsieh 

et al., 2016; Hayakawa and Obanawa, 2020; Wang and Watanabe, 2022). In this study, DoD 

https://earthexplorer.usgs.gov/
https://www.sciencedirect.com/science/article/pii/S030147972200679X?via%3Dihub#!
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maps have been produced for two cross-sections over the study area. For this, the fine-

resolution UAV-DEMs (0.10 m & 0.11 m) have been resampled to medium-resolution (30 m) 

products for the homogeneity of the resolution by using bilinear interpolation method (Tang 

et al., 2019). Then, two sets of DEMs (UAV-DEM & NASADEM) are transformed into 

WGS 1984 (UTM Zone 46 N) coordinate system for subsequent analysis. Here, the DoD 

maps are prepared by subtracting the earlier terrain elevation (NASADEM of 1999) from the 

later one (UAV-DEM of 2022) using the raster calculator in ArcGIS (Hsieh et al., 2016; 

Watson et al., 2019; Wang and Watanabe, 2022). A level of significant change detection 

(LoD) was determined to filter out uncertain topographical change and considered for 

subsequent volumetric change analysis (Wheaton et al., 2010; Milan et al., 2011).  

 The standalone Geomorphic change detection (GCD) 7.5.0 tool (available at 

https://gcd.riverscapes.net/) is used to estimate volumetric changes (Wheaton et al., 2010), 

which is widely applied for quantifying the spatial pattern of geomorphic changes (James et 

al., 2012; Kaliraj et al., 2017; Rajakumari et al., 2022). In volume change estimations, the 

negative values indicate erosion, and positive values indicate deposition (Corsini et al., 2009; 

Hsieh et al., 2016; Yang et al., 2021), where the volume estimation error can also be gained, 

as shown in Table 4.2. 

4.2.3.2 Cross-sectional profile  

The terrain profile is a standard analytical method to discuss terrain evolution and provides 

valuable information about a landscape responding to a changing base level (Kirby and 

Whipple, 2001; Wobus et al., 2006). Here, profile extraction analysis has been conducted 

with the DEMs (NASADEM of 1999 and UAV-DEM of 2022) to identify the changes in 

topographic features across the two river cross-sections through ArcGIS environment (Hsieh 

et al., 2016; Cirillo, 2020). For the straight-line profiling method, the starting and ending 

points were first selected, and elevation values between the points were calculated to generate 

the terrain profile based on the distribution of elevations. The results were then used to better 

understand the dynamic changes of river elevation and sedimentation pattern 

(erosion/deposition) on the floodplain over the years.  

 

 

https://gcd.riverscapes.net/
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4.3 Results 

4.3.1 UAV DEMs resolution and error  

The main characteristics of the UAV-generated DEMs of two cross-sections is provided in 

Table 4.1. The resolution of the created DEMs in this study was 0.10 m and 0.11 m at CS-1 

and CS-2, respectively with orthorectified images of 0.04 m. The generated DEMs assessed a 

relative camera position error of 5.24 m and 6.35 m in CS-1 and CS-2, respectively which 

were processed using original UAV image georeferencing. The generation of high-quality 

DEM in inaccessible areas without GCPs has been applied in many studies (Wang et al., 

2019) but the optimized sparse point cloud with identifiable GCPs across the study sites 

would improve the quality of generated model (James et al., 2017).   

Table 4.1 Characteristics of the UAV survey and generated DEMs in study sites 

Survey 

sites 
Platform Sensors 

Flight 

altitude 

(m) 

Total flight 

duration 

(min) 

Images 

taken 

DEM 

resolution 

(m) 

Orthorectified 

image 

resolution (m) 

CS-1           UAV 

(DJI 

MAVIC 

2 PRO) 

1 inch CMOS      

(effective pixels: 

20MP, 35 mm f 

2.8 lens with a 

77° FOV) 

120 37 775 0.10 0.04 

CS-2            120 53 1050 0.11 0.04 

 

4.3.2 DEM of difference (DoD)  

The terrain elevation change from two periods of DEM data is presented in Table 4.2. The 

mean elevation difference for CS-1 and CS-2 is −5.23 m and −84.66 m, respectively. The 

DoD maps (Fig. 4.3) at river cross-sections over time representing the spatial pattern of 

geomorphic change. Here, the negative values stand for the decrease in terrain elevation in 

these images, which may be caused by surface erosion. On the other hand, positive values 

represent an increase in terrain elevation, which may be due to surface deposition. Through 

the DoD images presented here, the terrain evolution of the river channel can be observed. 

Also, the DoDs have been used here to quantitatively estimate the volumetric changes which 

are related to the sediment budgets. However, the elevation changes signal (larger than ±50 

m) derived from the DoD maps may be affected by the artifacts, i.e., scratches on the 

photographs, but not sensitive to the measurements of volumetric change when varied above 

this threshold (Schwat et al., 2023). 
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Fig. 4.3 DEMs and DoD maps are generated from NASADEM 1999 and UAV-DEM 2022 

for CS-1 (A) and CS-2 (B). 

4.3.3 Volume estimation 

The total volumes of erosion and deposition, together with the net volume change, including 

errors, are given in Table 4.2. During the period (1999-2022), the estimated erosion and 

deposition volumes were 4.30 million m3 and 0.18 million m3, respectively, in CS-1. Instead 

of neglecting the estimation error and supplementary debris, at least 4.30 million m3 of 

sediment may be eroded from the upstream sources to this CS-1. On the other hand, at CS-2, 

about 86.25 million m3 of erosion are estimated. The result indicates that erosion was the 

dominant process in the Teesta River floodplain, with lower deposition over the study period. 

The estimate of net volumetric change is CS-2 is higher than the CS-1. The estimated erosion 

in these two cross-sections suggests this river's dominancy of erosional features aggravated 

by monsoonal flow, as the UAV survey was conducted in monsoon season. The negative net 

volumetric change for these two sites indicates that the earthflow from the upstream should 

be the main source of the sediments and result in high erosion. This high erosion may be 

impacted by the construction of the Teesta barrage and the diversion of the channel for the 

irrigation project (Fig. 4.5D), which is within the proximity of our present study sites. Also, 

previous studies mentioned the dominance of erosion in the last several decades because of 

high rate of sedimentation and the rise of 1 m bed level every ten years in Teesta River 
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channel (Khan, 2001; Akhter et al., 2019; Sultana, 2022). Furthermore, volumetric changes 

estimation based on the Teesta River’s bathymetric survey conducted by Bangladesh Water 

Development Board-2011 supports our study’s observation of erosional dominancy along the 

present study sites (BWDB, 2011; Tarannum et al., 2018). 

 From this study, it is not possible to find real-time data on the discharge events 

that caused these huge erosional episodes. Therefore, it is unpredictable when and where the 

next discharge will occur. However, it can be mentioned that the monsoonal flow patterns 

control the erosional and sedimentation processes in such a large transboundary river basin. 

The net volume of change is often used as a sediment budget term in sediment dynamics 

study. Therefore, estimating the volumetric change from the change detection can be helpful 

to develop morphological sediment budget to infer the rates of sediment transport for the 

studied river (James et al., 2012).  

Table 4.2 DEM difference and volumetric changes in the study sites 

 

4.3.4 Topographic features in the river sites   

Fig. 4.4 shows the high-resolution topographic products (slope gradient) of two cross-

sections. The river flow path and the bankline in the study sites, presenting a flatland 

appearance, can be easily identified from the DEM maps. Most of these two cross-sections 

sloped eastwardly, where the slope gradient was below 5°, determining the presence of flat 

areas. On the other hand, the slope gradient around the bankline or near the char lands 

(locally known as Char) exceeds 20°. The orthomosaic images generated from the study (Fig. 

4.4) visualize the agricultural lands along the bank lines, with some human settlements that 

were not permanent. Due to the main river course changes, bankline erosion is widespread in 

the study sites, and therefore the sediments accumulated at the lower flat area. 

 

Study 

sites 

DEM 

difference

* 

Mean 

elevation 

difference 

(m) 

Standard 

deviation 

Erosion Deposition Volume 

change (m3) 

(×106) Area (m2) 
Volume 

(m3) (×106) 

Area 

(m2) 

Volume 

(m3) (×106) 

CS 1 UAV 

DEM‒ 

NASA 

DEM 

‒5.23 3.98 688,957  4.30 ± 0.13 106,530  0.18 ± 0.02 −4.11±0.15 

CS 2 ‒84.66 13.98 1,010,101  86.25 ± 0.18 0 0 ‒86.25±0.20 

* The NASADEM and UAV-DEM represents the topography of 1999 and 2022, respectively. 



Chapter 4: Topographical dynamics based on global and UAV-SfM derived DEM products: A case 

study of transboundary Teesta River, Bangladesh  

 

90  

 

Y 

Yˈ 

Xˈ 

X 

Fig. 4.4 Slope gradient and orthomosaic images of CS-1 (A) and CS-2 (B) created from UAV 

photographs. See Fig. 4.5 for the cross-sectional profiles denoted here. 

4.3.5 Cross-sectional profile analysis 

Next to elevation and volumetric change estimates, the DEMs are helpful for evaluating the 

profiles of river cross-sections. In our study NASADEM 1999 has been used as the reference 

for the profile analysis. The selected transects from two river cross-sections illustrate the 

profile analysis, indicating an ongoing erosion process. Fig. 4.4A (X-Xˈ) and 4.4B (Y-Yˈ) 

indicate the transect locations on the orthomosaic of 2022 for profile analysis. Fig. 4.5 (A-B) 

shows the elevation profiles for these transects derived from the DEMs, indicating the 

deepening of the river channel within this period (1999-2022) with approximate errors.  

 Here, active sedimentation and erosion processes are significantly visible near 

the left bank side from the cross-sectional profiles, though several meters of uncertainty may 

exist. The elevation change demonstrated the erosion variations within the profile position. 

The erosion process is relatively small for profile (A), with approximately 7 m elevation 

change at the lower middle section in CS-1. On the other hand, the higher erosion is visible at 

the profile (B), in CS-2 towards the left side bank. The Teesta barrage and diversion of the 

river channel for irrigation and periodic sand extraction for financial benefits at the upper part 

of CS-2 may aggravate this high erosion process. Also, the bed scours depth of more than 13 
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A) 

NASADEM-1999 

UAV-DEM 2022 

B) NASADEM-1999 

UAV-DEM 2022 

Partial incision 

Channel shifting 

m was reported at Teesta River in Nilphamari (present study site) by the Institute of Water 

and Flood Management (IWFM-BUET 2018-2022) (Mondal, 2022), which was estimated up 

to 40 m in the Brahmaputra River channel (locally known as Jamuna River) (Ashworth et al., 

2000), supports the erosion processes observed here. Furthermore, the multi-temporal 

satellite remote sensing (MSS/TM/ETM+/OLI)-based and bathymetric survey-based study 

explored that erosion, sand bar development, and channel shifting rate towards the left side 

bank has increased over the 46-year periods (1972-2017) along the study sites because of the 

high rate of sedimentation (BWDB, 2011; Akhter et al., 2019; Mondal, 2022). Besides, high 

erosive condition (15.32 to 31.72 sq.km) that caused the bank failure were evident over the 

last few decades in several cross-sections of the Teesta River floodplain in the Nilphamari 

district, including our present study site (Tarannum et al., 2018; Sultana, 2022).  

 Nevertheless, it should be mentioned that considerable uncertainty remains in 

channel depth due to the glitter, over-estimation of water level, data processing software, 

resolution difference and mirroring effects of water, which may affect the interpretations of 

these profiles (Schwanghart and Scherler, 2017; Hemmelder et al., 2018).  In general, the 

elevation error ranges from 5-12 m for NASADEM (Buckley et al., 2020; Uuemaa et al., 

2020; Li et al., 2022; Uuemaa et al., 2020; Chen et al., 2022; Tran et al., 2023), whereas the 

UAV's single positioning of GNSS may provide error of ~8-13 m or more (DoD, 2020; 

Elkhrachy, 2021; De Haas et al., 2021; Grunwald et al., 2023). Hence, this error and recent 

studies necessitates improving the accuracy of elevation data with modern UAVs connected 

to RTK global navigation satellite systems in the most remote and challenging geographic 

locations, like this study area (Elkhrachy, 2021; De Haas et al., 2021). 

Fig. 4.5 Changes in cross-sectional profiles. Here, A) and B) corresponds to the CS-1 (X-Xˈ 

transect) and CS-2 (Y-Yˈ transect) shown in Fig. 4.4. The red and black lines indicate the 

elevation profile of NASADEM 1999 and UAV-DEM 2022, respectively, with approximate 

errors (>10 m). 
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4.4 Discussion 

4.4.1 Topographical and morphological dynamics 

This paper presents a study using DEMs to map topographic changes and associated 

morphological dynamics, including elevation differencing, volumetric change estimates, and 

river cross-sectional profiles, in an understudied region where repetitive topographic 

measurement is absent. The availability of high-resolution river topographic data, possible 

through UAVs and global DEM products, allows performing topographical change detection 

analysis over the years (1999-2022). Nevertheless, this information is critical to 

understanding the river's topographical and morphological dynamics that are prone to 

repeated sediment disasters from its upper basin sediment flux. Furthermore, topographic 

factors affect the sediment discharge in a river basin (Cheng et al., 2017). Therefore, the DoD 

difference between the UAV-DEM and NASADEM for the area of interest (Table 4.2) shows 

the benefit of conducting UAV surveys even if ground control point is unavailable due to 

inaccessibility to field sites. 

 This study noticed the decrease of elevation from ‒5.23 to ‒84.66 m and net 

volumetric difference of ‒4.11 to ‒86.25 million m3 in CS-1 and CS-2 on Teesta River's left 

side bank. The sedimentation between these periods varied largely per cross-section towards 

the left side bank of this river and seemed to dominate with the erosional process. The 

volume changes over the 1999–2022 periods are mainly expedited by the anthropogenic 

modifications of the main river channel, such as the construction of the Teesta barrage, 

channel diversion for irrigation, and sand mining observed from the field investigations (Fig. 

4.6). Furthermore, earlier studies documented the increase of erosion at Teesta barrage’s 

proximity (Khan, 2001; Sultana, 2022; Mondal, 2022). The visual observations on the land-

side of these cross-sections (Fig. 4.6A) also support the feasibility of such a large amount of 

erosion processes. Hence, using DoD derived from the DEMs has proven helpful in 

identifying the sedimentation pattern resulting from erosion and deposition scenarios in the 

floodplain. The volumetric dynamics studies prefer the DEMs from the same data source for 

more accurate estimations, which may affect the assessment here (Tang et al., 2019).  

 However, the availability of high-resolution data (same source and similar 

accuracy level) derived from Unmanned Aerial System (UAS) is often not available in this 

region. The topographical changes recorded over the period (years 1999–2022) revealed 

https://www.mdpi.com/1424-8220/20/12/3403/htm#fig_body_display_sensors-20-03403-f005
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significant variations of the topographic profile dominated by erosional process. The 

interaction of upstream fluvial incision, high and low discharge patterns, base-level change, 

and anthropogenic stressors (e.g., channelization, sand mining, hydroelectric projects-3405 

MW installed of over 8000 MW potentiality in Teesta, and hydro-engineering structures) 

may result in the changes along these profiles (Montgomery and Brandon, 2002; Goyal and 

Goswami, 2018; Van Denderen et al., 2022). Since river cross-sectional profiles preserve 

valuable information on landscape evolution and are fundamental to understanding the river 

morphological changes, this profile analysis can be helpful in monitoring the sedimentation 

patterns and management of the disaster-prone landscape.  

 Over the years, the flashy and unpredictable nature of sedimentation in this river 

basin left the inhabitants in a more risky situation. Also, the sudden release of huge volumes 

of water from the upstream reservoir makes the sediment pattern more unpredictable and 

more uncertain floods in this region in recent decades (Mondal and Islam, 2017). The erosion 

dominated sedimentation pattern and enormous volumetric changes may affect the bankline 

stability, development of mid-channel sand bars (locally known as char) (Fig. 4.6B), and 

multithreaded channel system in Teesta River (Akhter et al., 2019; Sultana, 2022). The 

increased number of mid-channel bars led to the sudden shifting of the channel (Ghosh, 

2014), where Teesta’s channel shifted towards the right (0.34 km/year) and left side 

(− 0.14 km/year) over the period (1972-2017) (Akhter et al., 2019). The sedimentation 

patterns may control the channel dynamics because the river discharge flow through the 

narrower channel increases the flow velocity, resulting in abrupt bank erosion (Graf, 2000; 

Croke et al., 2008).  

 Moreover, the excessive and unplanned extraction of sand (Fig. 4.6C) from the 

sand-dominated bed profile (approximately 10 m) in the study sites has been common 

practice (Biswas et al., 2018). That may also alter the river morphological characteristics such 

as channel incision (Rai et al., 2019), changes in riverbed (Best, 2018), erosion of river banks 

(Bravard et al., 1997), and decrease of sediment flux at downstream of the river delta 

(Anthony et al., 2015). The channel incision process is a gradual geomorphological 

phenomenon. But, the point of concern is that the pace of incision may significantly be 

expedited from the excessive sand mining, which may result in drastic morphological 

changes within 10-100 years in its natural course where such changes would have occurred 

over millennia (Simon and Rinaldi, 2006; Rai et al., 2019). 

https://www.sciencedirect.com/science/article/pii/S1040618218309042?via%3Dihub#bib22
https://www.sciencedirect.com/science/article/pii/S1040618218309042?via%3Dihub#bib22
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C) 

A) 

Teesta barrage 

Diverted channel 

D) 

B) 

Fig. 4.6 A) Erosion along the bank, B) sedimentation within the channel and bar development 

C) dredging for sand extraction, and D) channel diversion for irrigation at Teesta.   

4.4.2 High-resolution topographic baseline, limitations, and challenges 

This study showed that UAV images are suitable for monitoring the changes in river 

topography and geomorphology in a region where high-resolution imagery is often 

unavailable. To the best of our knowledge, this study successfully estimates the topography 

using UAV-SfM in the Teesta River sites for the first time. It is evident that high-resolution 

DEMs derived from the present UAV survey represents an important new baseline 

topographic dataset for river studies considering the existing freely available global DEM 

dataset, e.g., NASADEMs (Watson et al., 2019; Tang et al., 2019).  

 The availability of real-time kinematic (RTK) enabled UAVs in developing 

countries like Bangladesh will further improve the survey data and, at the same time, reduce 

the requirements for extensive ground control point surveys in inaccessible riverine areas 

(Fazeli et al., 2016; Forlani et al., 2018). With the limited scope, this study only conducted 

UAV topographic survey single time to generate high-resolution DEMs and then used the 

existing medium-resolution global DEMs to analyze the topographic change due to the 
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unavailability of high-resolution multitemporal DEMs. Hence, data obtained from different 

DEM generation techniques and the resampling processes to homogenous resolution (high-

resolution to medium resolution) may lead to estimation errors or uncertainty, which would 

eventually impact the topographic change analysis (Joerg and Zemp 2014). Besides, due to 

the unavailability of good control points like cross marks on the road, permanent features, or 

the referenced maps, this study relies on the aircraft's GNSS errors to estimate the uncertainty 

of the UAV-generated DEMs, which were several meters. Besides, this topographic study did 

not consider the monsoonal effect, which is one of the limiting factors raised by the study's 

limited scope. Some approximations, such as the presence of water bodies in the riverbed, 

water surface reflectance, and differences in DEM sources and resolution, may also constrain 

our analysis. Nevertheless, the author believes that such approximations would not 

dramatically influence the analysis and the interpretations. 

 The availability of RTK-enabled aircraft, external GNSS receiver, and evenly 

distributed ground control points with geographical coordinates were challenging, but 

addressing these issues may improve the elevation data quality. Furthermore, some key 

challenges remain in UAV-based riverine floodplain monitoring, such as wind, rain, surface 

reflectance, image focus, image resolution, and processing equipment (Hashemi-Beni et al., 

2018; Acharya et al., 2021). Besides, a quantitative assessment of the accuracy and precision 

of the UAV-derived products compared to RTK-GPS enabled UAS and terrestrial laser 

scanning (TLS) are beyond the scope of this paper. Though, it is expected that the 

topographic data acquired via TLS would be more accurate compared to SfM-derived 

products in geomorphic investigations (Tsunetaka et al., 2020). Furthermore, UAV survey 

and high-resolution DEM generation techniques may also attract attention to the research 

community in that region. Where the applicability of advanced remote sensing techniques 

(such as UAV-SfM and LiDAR) for geomorphological investigation is very limited 

compared to neighboring countries like China (Le Heron et al., 2019), India (Ramsankaran et 

al., 2020; Dhote et al., 2022), Bhutan (Dunning et al., 2009; Tempa et al., 2021), Nepal 

(Immerzeel et al., 2014; Kraaijenbrink et al., 2016; Van Woerkom et al., 2019), Pakistan 

(Khan et al., 2021), and in other parts of the worlds (Śledź et al., 2021). 

4.4.3 Advances in river floodplain management 

Evaluating recent topographic change in a riverine environment relevant to the sustainability 

of human populations in the disaster-prone area requires up-to-date fine-resolution DEMs, 
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such as those derived using UAV imagery in this study. In our case, single-time UAV image 

acquisitions and use of global DEM products for volumetric change estimate along the river 

cross-sections are low to link sedimentation patterns. In this context, the high temporal UAV 

data acquisition campaigns after each important discharge event or season scale can provide 

important information regarding the river sedimentation pattern and hence the management 

of sediment disasters in these disaster-prone deltaic landscapes. The processing of hundreds 

or thousands of images using the SfM algorithm is computationally intensive but fast, 

straightforward, and produces detailed results (Clapuyt et al., 2016; Hemmelder et al., 2018). 

With the advancement of UAV developments and innovations, UAV operations are 

becoming easy to monitor the river floodplain. Despite some challenges in river topographic 

measurement, UAV-based DEM should be considered as the optimal choice for 

investigations over river floodplains due to its advantages of portability, high data processing 

speed, low flying height, convenient flying preparation, and the ease of generating 

orthoimage and DEM data (Hayakawa and Obanawa, 2020).  

 Despite some limitations and challenges, the current approach of terrain 

evaluation utilizing free and on-demand DEMs can be helpful for other areas where repetitive 

terrain information is scarce but requires effective topographic investigation. Furthermore, 

land managers and mapping agencies responsible for monitoring river dynamics and 

management could use the methods presented in this paper, especially the UAV-SfM data 

generation techniques for the advancement of river floodplain management. The effective 

monitoring requires sufficient knowledge of fluvial-sedimentation processes in the riverine 

floodplain, and in this regard, encouragement can be taken from fluvial research advancement 

mentioned by Stott (2013), Wohl (2014), Piégay et al. (2015), and Oguchi et al. (2022). In the 

advancement of riverine floodplain management, the UAV-SfM photogrammetry can be an 

effective and powerful tool to map morphological dynamics and processes focusing on the 

river basin maintenance plan, delineation of flood-prone areas (Şerban et al., 2016), 

estimation of flood volume and extent (Escobar Villanueva et al., 2019), flood risk modeling 

(Coveney and Roberts, 2017), assessing the impact of flooding (Langhammer and Vackova, 

2018), sediment discharge analysis, and responding to flood emergencies (Salmoral et al., 

2020).  

 Furthermore, understanding river topographic and related morphological 

dynamics will promote the development of a river floodplain management framework, where 
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the studies of Morris-Oswald and Sinclair (2005), APFM (2012); Kiedrzyńska et al. (2015), 

Sharma et al. (2019), Serra-Llobet et al. (2022), and Chan et al. (2022) can be exemplary. The 

existing river floodplain management approaches in transboundary river (total 57 rivers) 

dominated Bangladesh should not focus on the traditional hard engineering approach (Haque 

et al., 2019), which may not be enough to mitigate substantial risks from the natural (e.g., 

climate change, sea-level rise, and land subsidence) and anthropogenic factors (e.g., 

channelization, hydro-engineering structures, excessive sand mining, large population, and 

rapid socio-economic growth) (Chan et al., 2022). Therefore, the advancement of river 

management needs to focus on utilizing the UAV-based framework (Fig. 4.7) to support 

decision-making in hazard assessments and disaster responses in South Asia’s disaster-prone 

countries, particularly Bangladesh. 
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Fig. 4.7 Framework for river basin management and natural disaster with UAVs. 

 

(a) Data acquisition 

UAV data:  

▪ Selection of UAV (Preferably, RTK-enabled one) 

▪ Selection of flight area (based on expert opinion) 

and permission from aviation authorities   

▪ Flight plan designing (mentioned in Table 4.1) 

▪ Even distribution of GCPs through RTK GPS 

Satellite data:  

▪ Selection of satellite DEM data (i.e., 

NASADEM, TanDEM-X, etc.), where the high-

resolution baseline data is unavailable. 

Complementary data: 

▪ Explore the field pictures with hand cameras, 

river gauge data, and social survey  

▪ Collecting media reports, google earth data, etc. 

 

 

(b) Data processing 

UAV-SfM data (i.e., Agisoft 

Metashape): 

▪ Selection of images to remove the 

blurred pictures 

▪ Image alignment and georeferencing 

using GCP coordinates 

▪ Optimize image alignment and 

generation of DEMs and orthophotos  

▪ Export the DEM and orthophotos 

(mentioned in 4.2.2 section) 

 

Satellite data (i.e., ArcGIS/QGIS): 

▪ Processing (mosaicking, raster 

projection, clipping, etc.) in GIS  

 
(c) Data analysis & outputs (Technical team) 

Applied 

o Integrate the available data 

DEMs (UAV or satellite), 

orthophotos, and 

complementary data 

o Quantify the changes in 

elevation, cross-profiles, 

and sediment volume 

(erosion & deposition) 

(described in 4.2.3 section) 

Potentialities 

o Real-time UAV data processing for on-site decision 

o Geo-hazards assessment (flood modeling, estimating 

flood volume, river bank erosion) 

o Monitoring real-time river dynamics or monsoonal 

changes (pre & post-monsoon) or emergencies (e.g., 

GLOFs, flash floods, landslide events). 

o Site suitability and impact assessment for river bed 

dredging, navigation, sand mining, and anthropogenic 

modifications (dams, barrages, etc.) along the floodplain 

(e) River basin 

management & 

disaster response 

(d) Data management & actions 

▪ Centralized data sharing hub and established a web-based 

platform for public information exchange (i.e., real-time video 

for search & rescue, reporting the missing case, etc.) 

▪ Publications and dissemination of geospatial products to 

government agencies and local communities  

▪ Taking necessary actions in river management (monitoring, site 

suitability for dredging, sand mining, navigation, hydro-

engineering structures, and disaster situations (i.e., rescue, 

response, & rehabilitation) 

▪ Collaborating among technical teams, government authorities 

(i.e., BWDB, Ministry of Disaster Management & Relief), 

NGOs, humanitarian agencies & local people  
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4.5 Conclusions   

This study demonstrates the utility of an integrated geographic information system combined 

with UAV-SfM-derived DEMs and globally available DEMs (NASADEM), considering 

topographical and geomorphological dynamics in a disaster-prone riverine floodplain. The 

workflow presented here has been successfully applied to identify the topographic and 

geomorphic changes, as well as assess the sedimentation pattern in the river channel based on 

multiple topographic outputs (DEMs, DoDs, cross profiles). The author noticed the changes 

in elevation (−5.23 to −84.66 m), sediment volume (−4.11±0.15 to −86.25±0.20 million m3), 

and erosion-dominated cross-sectional profiles towards the left side bank in the 

transboundary Teesta River over a period of 23 years (1999-2022). The current approach of 

data acquisition, especially the UAV-SfM-derived DEMs and orthomosaic images, can 

encourage interested researchers to take this study as baseline information for future 

investigation, where the UAV data can be available on request to the authors. In addition, 

time series investigations with advanced remote sensing techniques (such as UAV-SfM and 

LiDAR etc.) for detailed monitoring of topographic variables considering the monsoonal 

dynamics are essential to assess future instability scenarios in this dynamic, unpredictable, 

and disaster-prone river floodplains. The findings from this study will provide a better 

understanding of the river's topographical dynamics, geomorphological processes, and 

sedimentation scenario to national-river managers. Also, the proposed river basin 

management framework will elevate river floodplains management and disaster response in 

South Asia’s densely populated deltaic landscape, particularly Bangladesh and/or similar 

situations elsewhere. 
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Chapter 5 

General discussion 

 

5.1 Factors affecting the multiscale geomorphic connectivity 

Morphodynamics and sediment connectivity patterns are key determinants of the fluvial-

sediment dynamics and geomorphic connectivity in the Brahmaputra River basin. The author 

conducted multiscale (basin, sub-basin, and local) studies, which is a critical issue in river 

basin management because the understanding of complex natural fluvial systems, erosion and 

weathering processes, human interferences, selection of hydro-morphological monitoring 

sites, management of fluvial risk, resource utilization, and sustainability of the basin is 

intimately linked from its large-scale processes to small-scale measurements (Nepal et al., 

2014; Ortega et al., 2014; Rinaldi et al., 2017; Lombana and Martínez-Graña, 2021). Besides, 

this multiscale approach in Himalayan Rivers that flow across different geographical regions 

is essential to promote the integrated river basin management framework, which can address 

the needs of different users of basin water considering the heterogenicity of the basin and 

linkage between upstream and downstream (Nepal et al., 2019).  

Here, the geomorphic connectivity varies across the basins and is highly influenced 

by the upstream's hydro-geomorphic responses. The geomorphic connectivity at multiscales 

show connected, partially connected, or disconnected systems from its upstream, mid-and 

downstream, respectively, affected mainly by the sediment trapping before the mouth of the 

basin’s outlet, intensified by the higher fraction of anthropogenic stressors, and hence 

impacting the fluvial-geomorphic processes. The fluvial sedimentation processes (i.e., 

excessive sediment sequestering, riverbed aggradation) and anthropogenic stressors (i.e., 

river engineering, barrage, hydroelectric projects, and dam construction) (Fig. 3.14) are one 

of the factors that may affect the basin-wide geomorphic connectivity in the Brahmaputra 

River system. The evidence of anthropogenic stressors on morphological characteristics and 

sediment dynamics along this basin is also mentioned in earlier studies (Kale, 2002; Goyal 

and Goswami, 2018; Higgins et al., 2018; Best, 2019; Palash et al., 2023; Raff et al., 2023). 

Also, in the future, a boom in hydropower dam construction activity in Asia, mainly in China, 

India, and Nepal is reported (Zarfl et al., 2015). Recent studies demonstrate that sediment 

delivery could decline by 15-80% (Raff et al., 2023) with the full implementation of planned 

dams and river diversions along the Ganges-Brahmaputra delta (Zarfl et al., 2015; Higgins et 
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al., 2018). The future changes in the Ganges-Brahmaputra sediment supply and their potential 

consequences for the downstream delta suggest unprecedented levels of change in sediment 

supply (±50–90%) over the next 50-100 years, either through the reductions of discharge 

from existing and proposed artificial damming and channel diversion, increase of monsoonal 

precipitation and higher river discharge, or a combination of these factors, where the artificial 

damming significantly affecting the (dis)connectivity of sediment supply to the delta (Darby 

et al., 2015; Dunn et al., 2018; Higgins et al., 2018; Raff et al., 2023). Besides, river 

hydrology (discharge and sedimentation) is dominated by monsoonal flow, which may 

significantly affect the hydro-geomorphic response and, therefore, the geomorphic 

connectivity at the basin scale (Chapter 2). Moreover, the GBM basin's precipitation analysis 

over 1985-2015 suggests monsoonal dominancy (June-September) with high spatial and 

interannual variability, especially towards the southern border and Himalayan ridge (Curtis et 

al., 2018). The high monsoonal variability along with the strengthened precipitation (77% of 

the total rainfall) readily mobilizes the abundant sediments from the upper catchment, which 

are critical for managing water resources and hydrological hazards in this South-Asian 

hydrological unit (Curtis et al., 2018; Raff et al., 2023). This monsoonal precipitation feeds 

this immense GBM’s river system and is considered a potential predictor for discharge 

dynamics in the downstream delta region, where downscaled hydroclimate predictions are 

encouraged for further study (Curtis et al., 2017; Curtis et al., 2018). Also, the future 

projections of hydro-climatology in the Brahmaputra basin suggest that the strengthening of 

monsoon precipitation (8-28%) (Caesar et al., 2015) could increase the runoff (16%) 

(Masmood et al., 2015) and sediment delivery (34-60%) (Raff et al., 2023) by the end of 21st 

century, which will worsen sediment disasters (flooding, erosion) in the downstream delta 

(Lutz et al., 2014; Higgins et al., 2018). Therefore, the geomorphic connectivity pattern 

would be crucial for considering the future instability scenario in this transboundary river 

basin, where more geo-scientific diplomacy is required for the sustainability of the delta 

environment.  

However, as insights of basin-scale processes (Chapter 2) are interconnected with the 

medium (sub-basin) scale processes (Rinaldi et al., 2017; Nepal et al., 2019), the baseline 

information on geomorphic variables, terrain configuration, and sediment connectivity 

patterns at the (sub-basin) scale (Chapter 3) is essential for understanding the basin-wide 

geomorphic linkage. Here, the connected and partially connected, or disconnected 

geomorphic systems exist from source to sink areas of the Brahmaputra’s hydro-geomorphic 
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system. The altering geomorphic connectivity from connected to partially connected or 

disconnected may be attributed to topography, longitudinal channel profiles, rainfall 

variation, land cover, sediment connectivity potentials, and intense sediment trapping 

(Chapter 3). The deposition resulting from sediment trapping along the mid-to-downstream 

region is attributed to the partially connected or (dis)connected system in the Brahmaputra 

River system, impacting the basin-scale geomorphic linkage from the upstream to the 

downstream region. Also, high runoff, precipitation, and landslides in the upstream region 

disrupt the natural flow of discharge (water and sediment) and play crucial role in changing 

geomorphic connectivity. 

Furthermore, as the (basin) large-to-medium (sub-basin)-scale processes (Chapter 3) 

are often inferred from small-scale forms (Ortega et al., 2014; Rinaldi et al., 2017), the 

interpretation of current topographic conditions and sedimentation behavior at a local scale 

(Chapter 4) for managing the upstream-dominated fluvial risk is crucial for the sustainability 

of local people and the surrounding landscape. Here, the changes in topography recorded 

over the period (1999–2022) revealed significant variations in elevation, volumetric 

estimates, and cross-sectional profiles along the Brahmaputra’s tributary (Teesta River), 

dominated by the erosional process. This erosion-dominated sedimentation pattern may affect 

the geomorphic connectivity by developing the mid-channel sand bars, raising, or lowering of 

the riverbed, multithreaded channel, and incision channel, decreased sediment flux 

downstream (Chapter 4).  

Therefore, the above-mentioned factors play a critical role in basin-scale geomorphic 

connectivity, where the integration of a multiscale approach of fluvial-geomorphic study in a 

basin makes it possible to establish a scenario of fluvial processes, geomorphic linkage, 

sediment connectivity, and topographic dynamics in a more detailed manner, which would be 

significant for sustainable river basin management issues. However, in the context of 

integrated river basin management, the Driver-Pressure-State-Impact-Response (DPSIR) 

framework offers a useful approach for managing the transboundary river basin, recently 

adapted to the Hindu Kush Himalayan region (Nepal et al., 2019). Hence, the DPSIR 

framework has been applied here (Fig. 5.1) to assess the driving forces of geomorphic 

connectivity, the resulting pressure, the connectivity's state, the drivers' impact, and the future 

response to be considered in Brahmaputra River basin management (Kristensen, 2004; 

Rahman et al., 2016; Nepal et al., 2019). 
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DRIVERS

Natural (sediment sequestering, riverbed aggradation, 
monsoon rainfall & flow, mid-channel bars, 

multithreaded channel) and anthropogenic (hydro-
engineering, barrage, dam, sand mining)

PRESSURES

Geomorphic connectivity, sediment 
flux, flow pattern, fluvial risk i.e., 

floods & bank erosion

STATES

Altered geomorphic connectivity, 
reduced sediment flux, changes in 
riverbed elevation & flow pattern, 

increased bank erosion 

IMPACTS

Disruption of natural geomorphic 
connectivity, impacts on floodplain 

habitat, loss of life & resources, 
increased homeless people, 

livelihood patterns

RESPONSES

UAV-based river topography 
monitoring, predicting sediment 

transport route, strengthening regional 
cooperation & joint research

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1 Driver-Pressure-State-Impact-Response (DPSIR) framework in geomorphic 

connectivity for integrated river basin management in the Brahmaputra. 

5.2 Importance of fluvial-geomorphic studies to river management 

This study deals with the role of fluvial geomorphologic processes, sediment connectivity, 

and topographic dynamics in fluvial system of the largest river basins in South Asia, 

Brahmaputra, which requires integrated river management. The following section stipulates 

the key importance of this study in the context of Brahmaputra River basin management. 

It is established that the fluvial-geomorphic system is a prominent morphological 

feature that greatly influences landscape modifications. The changes in fluvial-geomorphic 

features, sedimentation patterns, topography, and anthropogenic activities have increased the 

level of modifications of the natural fluvial system and led to river management relevance. In 

addition, the interplay of tectonic activity, climate change, sea level rise, hydrologic change, 

global temperature growth, and rainfall intensity has induced the relevant modifications of 

fluvial discharges, urging the integration of geomorphological investigations in river basin 

management (Yamagata et al., 2015; Giano, 2021). Therefore, the knowledge of land surface 

processes through analyzing geomorphic features, sediment connectivity patterns, and 

topographical dynamics at a basin-wide scale gained from this study would be noteworthy in 

river management approaches of South Asia’s densely populated country, particularly 

lowland Bangladesh. Moreover, the number of geomorphic analysis frameworks developed 
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over the last decades in Europe, Australia, and Asia focused on the understanding of current 

fluvial processes and sediment dynamics in river management, foreseeing future river 

geomorphological investigations (Kondolf and Bizzi, 2022). Hence, this study would be 

noteworthy to develop an integrated river basin management framework in this 

transboundary river, which has significant discord among the basin’s actors and requires 

effective cooperation. 

In mountainous terrain, strong geomorphic connectivity between the slopes and high-

order streams induces permanent fluvial risk (flooding, bank erosion and sedimentation in the 

channel, channel avulsion, and severe low flows) for local people living near the river (e.g., 

Chand et al., 2019; Thapa et al., 2022). Furthermore, it also affects the lower river terraces or 

alluvial fans as demonstrated in the Brahmaputra River basin. Managing fluvial risk resulting 

from the interaction of erosion and sedimentation processes on the slopes and valley bottom 

is of fundamental importance in river management (Arnaud-Fassetta et al., 2009). Also, 

engineering hydraulics, including the designing of stable channels, navigation routes, channel 

alternation, construction of dams and barrages, and hydroelectric projects, has been a source 

of land surface processes understanding, requiring detailed analysis of fluvial channels, 

sediment entrainment, transport, and deposition (Lewin et al., 2018). The sustainable solution 

to the problems that arise from these streams engineering often requires the knowledge of 

fluvial geomorphology and sedimentation processes, discussed in this study.  

Besides, sediment transport dynamics is often the key problem in river channel 

design, causing sediment-related river maintenance. In this regard, the knowledge of fluvial-

geomorphology and sediment connectivity patterns gained from this study will contribute to 

the understanding of sediment sourcing and predicting sediment transport rates, which would 

be crucial for the transboundary river basin management, like the Brahmaputra (Sear et al., 

1995; Vazquez-Tarrío et al., 2024). Furthermore, the assessment of fluvial geomorphological 

processes and sedimentation scenario from the modern remote sensing approaches (i.e., 

UAV-SfM) are the key to landscape-based urban development design, particularly in 

developing areas like Bangladesh. Also, this study will allow the various stakeholders 

(academicians, international community, government organizations, NGOs, and others) to 

promote the dialogue for the functioning of the natural fluvial system considering 

geomorphic connectivity and river restoration (Espinosa et al., 2018). Based on the relevant 

importance of river basin management discussed above, this study's findings can contribute to 
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the Brahmaputra River basin's integrated river basin management aspects, which require 

particular attention at a basin-wide scale to maintain its natural fluvial system. 

5.3 Implications of this study towards river basin management 

As a first step towards integrated river basin management, this study provides a 

comprehensive understanding of fluvial-geomorphic processes and sediment dynamics 

connecting the upstream region to the downstream of the Brahmaputra River basin. It 

highlights the following key points regarding its implications.  

5.3.1 Restoring the geomorphic connectivity 

The conventional structural measures in river management, such as levees (dikes), dams, and 

engineered channels, are perceived as effective means of eliminating flood risk and 

controlling the river flows (Auerswald et al., 2019). However, preventing high flows or 

floodwaters through hard-engineering approaches from spreading over floodplains can 

concentrate the flow and result in higher flow peaks downstream and upstream, exacerbating 

flooding problems (Heine and Pinter, 2012). As the fluvial geomorphic processes, sediment 

connectivity patterns, and topography become understood, there would be more opportunities 

to restore the geomorphic connectivity and functionalities of the river floodplains compared 

to the conventional hard engineering approach, thereby may reduce the flow peaks 

downstream (Van Rees et al., 2021). Besides, the flood management plan disregards the 

influence of sediment transport on flooding (Vázquez-Tarrío et al., 2024). Understanding the 

land surface processes, including the connectivity patterns mentioned here, may improve the 

river management policies in restoring the geomorphic connectivity considering the multiple 

benefits such as combining flood risk reduction, ecosystem restoration, and adaptability to 

climate change (Serra-Llobet et al., 2021; Vázquez-Tarrío et al., 2024). Adaptability to the 

increase of sediment discharge by 52-60% or 34-60% by the end of the twenty-first century 

(Derby et. al., 2015; Raff et al., 2023), projected by future climate change scenario in the 

Brahmaputra River basin requires the restoration of the geomorphic connectivity, where this 

study’s observed connectivity pattern can play a significant role. Also, this study contributes 

to the sustainable development principles by understanding the limitations of hard-

engineering approaches in the transboundary Brahmaputra River basin. Therefore, this 

understanding will help to initiate the coping strategies to restore the geomorphic 

connectivity at a basin-wide scale, considering the experience of developed countries like the 

United Kingdom, the Netherlands, the United States, and Japan (Chan et al., 2022). 
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5.3.2 Monitoring the river floodplain dynamics and baseline topography 

The responsible agencies related to water management in Bangladesh (such as Bangladesh 

Water Development Board-BWDB, Bangladesh Inland Water Transport Authority-BIWTA, 

and Ministry of Water Resources) can focus more on continuous floodplain monitoring with 

the introduced modern UAV-SfM techniques, particularly delineation of flood-prone areas, 

estimation of flood volume, flood risk modeling, sediment discharge, and responding to flood 

emergencies (Tarolli, 2014; World Bank, 2015; Acharya et al., 2021; Mishra et al., 2022). 

For instance, severe flooding of the upper Teesta River valley in the eastern Himalayan state 

of Sikkim originated from the South Lhonak Lake’s GLOFs (Glacial Lake Outburst Flood) 

outburst, killed at least 14 people, and left over a hundred missing with severe damage to the 

buildings, highways, and Chungthang dam downstream since 4th October 2023 (Sattar, 2023; 

Chauhan, 2023). This case shows the consequences of upstream events and their extent over 

tens of kilometers downstream, resulting in the loss of human life and significant damage to 

property and infrastructure. Hence, this study can play a crucial role in risk management 

strategies and emergency response to this kind of anticipated flooding disaster for the 

downstream communities with the proposed river basin management framework (mentioned 

in Fig. 4.7), considering the topographic survey (satellite/UAV-based) following the occurred 

event and the sediment connectivity patterns along the river channel. 

Furthermore, the UAV-based high-resolution data obtained here can be used as a 

baseline topographic dataset for future investigations and can encourage other relevant 

researchers to investigate the geomorphic processes and sedimentation patterns considering 

the monsoonal dynamics. Also, the repetitive monitoring of river floodplains may be 

facilitated by the introduced river topographic data collection techniques for the river 

managers and authorities to make decisions in disastrous situation, i.e., the Sikkim glacial 

lake outburst on 4th October 2023. Furthermore, this approach can be applied to other 

floodplains that are assumed to be more dynamic and critical for river management in this 

disaster-prone region. The repetitive topographic data collection through the RTK-enabled 

UAVs at seasonal and temporal scales or event-based in future studies would be significant 

for this disaster-prone deltaic region, particularly estimation of flood volume and extent, river 

bank erosion, seasonal dredging, and site-specific sand mining, following the frameworks 

mentioned in Fig. 4.7.   

https://www.sciencedirect.com/science/article/pii/S0169555X23000855?via%3Dihub#bb1085
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5.3.3 Documented understanding on strengthening cross-boundary cooperation 

Integrated river basin management is often hindered by the lack of basin-wide collaboration, 

disconnected or contradictory policies, conflict of interest (water sharing, disaster 

management), and failure to understand the importance of maintaining transboundary river 

flow due to the absence of documented understanding. This study finding necessitates the 

strengthening of active transboundary cooperation among river-sharing countries like China, 

India, Bhutan, and Bangladesh. Although some mutual agreements exist among these 

countries, the effectiveness must focus more on the holistic approach respecting mutual 

interest and understanding the basin-wide fluvial-geomorphic processes. Hence, this study 

provides a documented understanding of the fluvial geomorphic processes from the hillslope 

to the coast, sediment connectivity patterns, and topographical dynamics at the GBM river 

basin, leading to an adequate understanding for assuming future scenarios (e.g., Derby et. al., 

2015; Raff et al., 2023). This will help policymakers such as the Joint River Commission 

(JRC), Ministry of Water Resource, Bangladesh, to negotiate with better concepts and build 

regional cooperation among the Brahmaputra-Ganges River co-riparian countries based on 

geo-scientific significance in collaboration with the World Bank’s South Asia Water 

Initiative (SAWI) (Leb et al., 2018). Furthermore, this study will also be valuable not only for 

the government institutions but also to other stakeholders of this river basin, such as non-

government organizations (NGOs), conservationists, and different indigenous groups.  

5.3.4 Joint research initiatives and data sharing 

The findings from this study can contribute to initiating the joint research to ensure the 

relevance and appropriate actions in river policy meetings participated by Bangladesh and 

other basin sharing countries (China, India, Nepal, and Bhutan). It was recognized that China 

and India consider the research results in their policies and act likely (Yasuda et al., 2017). 

Hence, as an active stakeholder of transboundary Brahmaputra River, Bangladesh requires 

more collaborative research or joint research among basin-sharing countries to improve the 

understanding of fluvial-sedimentation processes and future scenarios at a basin-wide scale. 

A clear scope of future joint research and collaboration among the actors of this Brahmaputra 

basin exists that can significantly support the resourceful landscape and its dependent 

livelihood in the developing country of the South-Asian region, particularly Bangladesh. 

Also, the relevant researchers or experts from developed countries, i.e., Japan, can collaborate 

to enhance the river basin management options considering the UAV-based framework (Fig. 
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4.7) with bilateral or multilateral projects focusing on advanced topographic survey through 

UAV and Lidar along the floodplains that are assumed to be crucial for the management of 

river basin (Hayakawa et al., 2017; Saito et al., 2018; Ogura et al., 2023). Furthermore, this 

study improves the data collection hub along the GBM river basin, focusing on suspended 

sediment load (Table 2.1), river discharge (Fig. 3.3 and Fig. 4.2), high-resolution elevation 

data (Fig. 4.3), and different geospatial data generation techniques (i.e., Fig. 3.4). 

5.3.5 Sustainable river basin development 

The information on the basin-scale fluvial-geomorphic processes, sediment connectivity 

patterns, and topographic dynamics (elevation change, river cross-sectional profile, and 

volumetric estimate) from mainstream rivers is required to underpin the sustainable river 

basin development focusing on sand and gravel mining, hydropower potentials, navigation, 

and distribution of groundwater resources. Also, understanding current scenarios of the 

Brahmaputra basin encompassing the geomorphic features and fluvial-sedimentation 

scenarios will help portray plausible future development plans considering the equity and 

sustainability of available resources (hydro-power, agriculture, fisheries, and sand mining) at 

the entire basin (World Bank, 2015; Pradhan et al., 2021). Also, the maintenance of natural 

fluvial geomorphic connectivity, considering the general pattern observed in this study, can 

minimize the threat of isolation of aquatic populations and local extinction (Bunn and 

Arthington, 2002), will play a crucial role in the Brahmaputra River’s ecological 

sustainability. Besides, this study can support the planning and designing of sand mining, 

dams, and hydroelectric projects, considering the potential geomorphic features and 

connectivity patterns at a basin-wide scale. Furthermore, sustainable management requires an 

interdisciplinary approach linking geomorphological knowledge to hydro-engineers, earth 

scientists, social scientists, and political parties to maximize the benefits of the large 

resourceful transboundary river like Brahmaputra. 

Hence, based on the discussion mentioned above, the implications of this study in 

transboundary river basin management have been summarized in Fig. 5.2, considering the 

importance and relevant organizations linked with integrated river basin management 

(IRBM). 

 

https://www.sciencedirect.com/science/article/pii/S0169555X23000855?via%3Dihub#bb1085
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Fig. 5.2 Implications of this study in integrated river basin management. 

5.4 Limitations of this study and way forwards  

Despite the study region's novelty and significance, there are some limitations that can be 

addressed in future studies.  

Chapter 2 describes the overview of the geomorphological processes and their 

connectivity in hillslope, fluvial, and coastal areas in GBM downstream Bangladesh. 

However, it was beyond our scope to give a complete overview of potential applications and 

improvements of geomorphic research, considering the availability of remote sensing 

techniques and tools. Also, our study is limited by collecting the estimates of suspended load 

at the different reaches of the Ganges–Brahmaputra River basin, which does not describe the 

sampling procedure and methods of suspended load calculation. Therefore, clarifying 

different methodologies of suspended load estimation in future studies can contribute to 

understanding better the large variations of the Ganges–Brahmaputra river’s suspended load 

estimations and the sediment budget from the Himalayan to the Bay of Bengal. 

Chapter 3 describes the geomorphometric characterization and sediment connectivity 

of the middle Brahmaputra River basin, where the computation of connectivity and 

topographic parameters are limited by DEM resolution (30 m). Also, one of the limitations of 

the present study lies in the limited availability of observed river discharge data for model 
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validation. Besides, monsoon dynamics, climate change scenarios, and human alternations 

along the mainstream river need to be considered in future studies to understand sediment 

transport dynamics better. Furthermore, more gauging station data focusing on sediment size 

are required for more accurate geomorphological investigations, which is challenging and 

somewhat restricted in this transboundary Brahmaputra River basin. Therefore, it is expected 

that collaborative geomorphic research among basin-shared countries like China, India, and 

Bhutan addressing these issues will elevate our understanding of land surface processes in 

densely populated South Asian regions.  

Chapter 4 describes the potential applicability of modern remote sensing techniques 

for investigating the topographical and geomorphological dynamics using DEMs (UAV-SfM 

and NASADEM), considering the elevation change, volumetric estimate, and cross-sectional 

profiles of Brahmaputra’s tributary. The estimation of these changes might be affected by the 

DEM’s resolution difference, estimation accuracy, and the limited scope of the UAV survey. 

Besides, the time series topographic investigation with UAVs considering the monsoonal 

dynamics (pre- and post-monsoon survey in a year) in several cross-sections of river 

floodplains at local scale (100~102 km2) are required to assess future instability scenarios in 

Brahmaputra's tributary (Teesta River). Besides, the applicablities of microsatellites 

considering the Himalayan-lowland interactive system need to be assessed for continuous 

multitemporal topography assessment in this South Asian region in collaboration with 

Japanese universities (e.g., Diwata-1) (Ives and Messerli, 1989; Takahashi, 2013). However, 

it is worth mentioning the potentialities of Interferometric Synthetic Aperture Radar (InSAR) 

based DEM (i.e., TanDEM-X) as the baseline topography (Avtar et al., 2015) in future 

research considering the proposed river floodplain management framework (Fig.4.7).  

Hence, addressing the above-mentioned limitations and further multipurpose studies 

in the future would help better assess the fluvial-geomorphic processes more effectively for 

the improved, sustainable, and integrated river basin management strategies in South Asia's 

densely populated disaster-prone region. 

5.5 Conclusions 

This research focuses on the geospatial investigation of multiscale (basin, sub-basin, and 

local scales) fluvial-geomorphic processes and geomorphic connectivity in the Brahmaputra 

River basin of South Asia (China, India, Nepal, Bhutan, and Bangladesh), where the 
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information or knowledge on land surface processes is very crucial for the sustainability of 

the entire GBM basin’s management and its surrounding landscape. The basin scale study 

(Chapter 2) considering the transboundary regions over Bangladesh, India, Bhutan, and China 

(approximately 105~106 km2) found that the fluvial-geomorphic processes and their 

connectivity from the Himalayan to the Bay of Bengal (BoB) are not clearly understood or 

mentioned due to small-scale and limited field-based approaches at downstream domain but 

are impacted by the Ganges-Brahmaputra’s upstream fluvial-sedimentation processes. The 

alternation of geomorphic processes and their connectivity (connected-to-partially connected 

or dis-connected) in the entire fluvial system is mainly due to the excessive upstream 

sediment contribution from the Ganges-Brahmaputra and inside sediment trapping before the 

mouth of the BoB, downstream Bangladesh. Hence, with the documented understanding of 

the fluvial-geomorphic processes, this study recommends wider area geomorphic studies 

rather than small-scale studies in the Ganges-Brahmaputra-Meghna basin to better understand 

the fluvial-sedimentation processes towards integrated river basin management among the 

basin-shared countries.  

Therefore, the sub-basin scale (Chapter 3) study has been conducted along the 

tributaries of the Brahmaputra River basin (Teesta, Torsa, and Manas Rivers, approximately 

103~104 km2) considering the upstream-downstream linkage and found that the 

morphodynamics and sediment connectivity patterns are the key determinants of fluvial-

sediment dynamics in this river basin. Here, the sediment connectivity varies from connected 

to partially connected or (dis)connected across the basins and is highly influenced by the 

upstream’s hydro-geomorphic responses and anthropogenic modifications (i.e., hydroelectric 

projects, dams, barrage, channel diversion, etc.) along the floodplain channel. The partial 

connectivity or (dis)connectivity in mid-to-downstream is sensitive to deposition and, 

therefore, impacts the geomorphic linkage. Understanding these sediment connectivity 

patterns from the basin’s upstream to its downstream domain can play a crucial role in fluvial 

sediment-related disaster management (i.e., GlOFs outburst flood in Teesta River valley of 

Sikkim Himalayan on 4th October 2023) and is required for the sustainability of disaster-

prone landscape of South Asia, particularly for the lowland.  

Furthermore, the last part of this study (Chapter 4) assesses the topographical 

dynamics of Brahmaputra’s tributary (Teesta River, Bangladesh) as a nobel case study of 

utilizing the UAV-SfM techniques at the local scale (100~102 km2) considering the cross-

sectional profiles and volumetric estimate along the floodplain that are dynamics and crucial 
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for the sustainability of the surrounding landscape. This study demonstrates the erosion-

dominated cross-sectional profiles and sedimentation patterns impacted by the upstream 

fluvial processes and anthropogenic modifications along the floodplain (i.e., Teesta barrage 

and channel diversion). Also, the UAV-SfM-based river basin management framework 

developed from this study can be applied to other cross-sections of the river floodplain 

considering its dynamic characteristics, proneness to repeated sediment disasters (i.e., floods, 

river bank erosion), and significance towards the human and environment.   

However, the joint venture multipurpose research considering the findings, 

limitations, and way forwards of this study among the basin-shared countries like China, 

India, Bhutan, and Bangladesh, focusing on the cross-boundary data sharing, restoring 

geomorphic connectivity of the natural fluvial system, predicting sediment transport route, 

continuous river topography monitoring, geoscientific installation of hydro-engineering 

structures (i.e., hydroelectric dams, barrage, navigation route, etc.) and sustainable utilization 

of transboundary natural resources (sand mining, fisheries, agriculture, etc.) would improve 

the integrated river basin management issues in this densely populated landscape of South-

Asia. Besides, this approach of gathering information on the fluvial-geomorphic processes 

and the sediment connectivity patterns in mountainous river basins based on the geospatial 

techniques can be applied to other mountainous regions (e.g., Japan, Nepal, etc.) at risk of 

sediment disasters from its upstream. Notably, this study significantly contributes to the 

current literature on geomorphic science and river basin management issues as the 

geomorphological knowledge is interlinked to the hydro-engineers, earth scientists, social 

scientists, river managers or administrators, and political parties, particularly in a disputable 

transboundary river like the Brahmaputra. 
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