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Abstract

Knowledge of geomorphic characteristics and sediment connectivity is critical in
understanding basin-scale surface processes that include steep mountainous and flat
lowlands, particularly if the mid-basin and downstream areas are densely populated and
disaster-prone. However, the lack of fluvial and sediment connectivity studies in downstream
portions of large rivers of South Asia (particularly Bangladesh), where upper basin
morphodynamics, hydrology, and sediment flux highly influence the repeated sediment
disasters, limits our understanding of the large-scale fluvial geomorphic processes and basin-
scale sustainable river management. Therefore, this article attempts to characterize the
morphometric and topographic features along with the spatial sediment connectivity pattern
of the middle Brahmaputra River basin (Teesta, Torsa, and Manas basins) covering ~75,000
km? 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 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 (IC) index 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 depicts sensitivity to the depositional processes
therein, impacting the basin-scale geomorphic connectivity from the upstream to the
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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, where the fluvial sedimentation

process is not fully understood with limited accessibility for field-based investigations.

Keywords: Brahmaputra, Himalayan upstream, NASA-DEM, Geomorphometry, Terrain

analysis, sediment connectivity.
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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 (Igbal 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
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management. Moreover, the topographic factors correlate with drainage basin morphometry

and impact the integrated watershed management (Sujatha et al., 2014).

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
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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
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
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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
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. 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.
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2. Study area

2.1 Area of interest (AOI)

The Brahmaputra River (580,000 km? 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, we want to emphasize

the mountainous northern (right bank) tributaries of the middle Brahmaputra River (Fig. 1)
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considering its dynamic characteristics (i.e., high flow and sediment contribution, 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.

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, 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 km?, 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 1 identifies the

significant characteristics of the selected basins.
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Table 1. Major characteristics of basins under this study

Characteristics Basin
(1) Teesta (2) Torsa (3) Manas

Basin area (km?) 17,639 23,680 33,102

Mean elevation (m) 3173 2479 3298

Annual average rainfall 2408 1763 1200

(mm) (2010-2019)

Average annual yield in 21,413 14,980 2925

Million Cubic Meter

(MCM)

Major land-cover Trees (40.68%), Trees (54.77%), Trees (45.04%),
Crops (17.46%), Shrubs (19.44%), Shrubs (25.76%),

Shrubs (13.27%), Crops (8.44%), Built
Built up (11.09%),  up (5.08%), Bare

Bare ground ground (5.81%),
(8.25%), Water water (1.31%)
(2.38%)

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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Fig. 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 Fig.

1B), 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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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. 2).

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 (Supplementary
Fig. S1). For example, at Bahadurabad (Bangladesh) gauging station (where the Teesta at
downstream Bangladesh joins the Brahmaputra), the average monsoon flow is 35,712 m%/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).
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The rainfall and discharge patterns have been considered here to discuss the effects of hydro-

meteorological conditions on these basins’ characteristics and sediment dynamics.
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Fig. 2. Inter-basin A) monthly rainfall cycle and B) average annual rainfall variations

throughout 2010-2019.

3. Data and methods

3.1 Geospatial data

Table 2 provides a summary of the dataset used in this study. Freely accessible NASA-
DEM_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 NASA-
DEM 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-
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
NASA-DEM 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
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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 NASA-DEM s 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).

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. 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 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 NASA-DEM, 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
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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 ITUCN
(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.

We 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 (lwahashi and Yamazaki, 2022). The geometric signatures of terrain polygons
such as InNSLOPE, INHAND (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 (lwahashi et al., 2021).
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Table 2. Data used in the present study

Input data Data source Specifications Reference
NASA-DEM NASA-MEaSUREs 30 m spatial resolution and NASA JPL,
(https://earthexplorer.usgs.  released in 2020. 2020;
gov/) Buckley et al.,
2020
Annual average TRMM TRMM_3B43 version 7; 0.25°  TRMM, 2011
rainfall (https://disc2.gesdisc.eosdi by 0.25° spatial resolution over
s.nasa.gov/opendap/) the period of 2010-2019.
Land-use and ESRI 2021 ESA Sentinel-2 (10 m) Karraet al.,
land-cover (https://livingatlas.arcgis.c  released in July 2021. 2021

Average annual
yield (MCM)

om/landcover/)

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  Global Runoff Data center ~ Gauging stations and time GRDC, 2021;
data (GRDC) periods: (1) Pandu (1956-1963, *Rao etal.,
(https://www.bafg.de/GRD 1971-1979); (2) Mathanguri 2020
C/EN/01_GRDC/grdc_nod (1955-1964, 1971-1974); (3)
e.html). Kaunia (1969-1975, 1985-
1991); (4) *Bahadurabad
(1956-2011)
Global polygon  Geospatial Information MERIT DEM-90 m (v1.0.3) Iwahashi and
for terrain Authority of Japan (GSI) merging mainly the SRTM3- Yamazaki,
classification 2022 90 m (v.2.1) and the ALOS 2022
(https://gisstar.gsi.go.jp/terr  (AW3D-30 m) (v.1) and
ain2021/) released in June 2022.

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. 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
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data. Then generalized linear mixed models (GLMMSs) were used to analyze the interactive

and univariate effects on sediment connectivity, where the “glmmADMB” package was used

(Alam et al., 2021).

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.,
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
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datasets accessed in ASCII format at a monthly scale have been converted to annual-scale

(m?/s) for the specific available years.

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. 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 G6kgoz, 2018).

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). 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
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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
indices for geomorphic characterization largely depend on the quality, availability, and
resolution of the DEM (Serensen 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,
we used newly released and freely accessible 30-m NASA-DEM as a significant input of

topographic factor analysis.

Here, TWI is calculated based on Moore et al. (1993) (Table 3, Eq. (1)), which
provides an alternative for understanding the spatial pattern of wetness (Sgrensen 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, Eq. (2)). However, the values of TWI and SPI are influenced by the
calculating algorithm of specific catchment area (As) and gradient (Tanf3) as the computation
of Asdepends on the flow direction algorithm (Chen and Yu, 2011). The STl is calculated by
Moore et al. (1991) (Table 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; Garcia Rodriguez and Giménez Suarez, 2010), and here, it has been calculated by
applying a numerical model described by Moore et al. (1991) (Table 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, Eqg. (5)) at 2x2
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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 use ArcGIS model builder visual programming language, and are then converted to
semi-automated morphometric assessment tools (SMAT) (Supplementary Fig. S2). 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 (rainfall), morphometric, and topographic parameters and are provided in the

supplementary material.
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Table 3. Methodology adopted for computing morphologic and topographic parameters

Parameters name

Equation

References

Stream order (u)

Stream number (Ny)
Stream length (Ly)

(km)

Stream frequency

(Fs)

Bifurcation ratio

(Rp)

Drainage density

(Dg) (km/km?)

Circularity ratio

(Re)

Compactness

coefficient (Cc)

Basin relief (R) (m)
Relief ratio (R)

Ruggedness number

(Rn)

Topographic
Wetness Index
(TWI)

Stream Power Index

(SPI)

Sediment Transport

Index (STI)

LS (slope-length)

factor

Topographic
Position Index
(TPI)

Hierarchical rank

Nu=N;+N, 4+ N3+...oo..oo. +N,,
LicL; + Ly + Lyt +L,
F, = N,/A; Where A is basin area.

Ry = Ny /N, + 1; where N, + 1 is number of
segments of the next higher order.

D4 = L, /A; where L is total stream length of order ‘u’.

R. = 41 X A/P?; Where, A is the area enclosed
within the boundary of watershed divide (Basin area)

C. = 0.2824 x (P/+/A); where P is the length of the
watershed divide which surrounds the basin

R=Max H-MinH
R, = R/Ly; Where L, is the distance between the outlet
and farthest point on the basin boundary (Basin length).

R, = D4 X (H/1000); Where Dy is drainage density,
and H is basin height.

TWI = In(Ag/tan f) .. o cee e v e vee e e e (1)
Where, As is the specific catchment area and f is the

slope gradient in radians.

SPI = Ay X tanf3 ... . .(2)
Where, A is the spemﬁc catchment area and B is the
slope gradlent in radians

STI = (m + 1)(As/22.13)™x (sin3/0.0896)" ... ... 3)
Where, A is the specific catchment area (m2 m‘l),
B is the slope gradient in degrees, m is 0.4, and n is 1.3.

LS= (n + 1)(As/22.13)™ x (sin $/0.0896)™ ... ... (4)
Where,n=0.4,and m=1.3

TPl =Zy — (1 —nZy)/n..........(5); Where, Z, is the
elevation of the point under evaluation, Z_ is the elevation

of the points within the local window, and n is the total
number of surrounding points employed in the evaluation.

Strahler, 1964
Horton, 1945

Strahler, 1964

Horton, 1932

Strahler, 1964

Horton, 1932

Strahler, 1964

Gravelius,
1914
Strahler, 1952

Schumm,
1956

Patton and
Baker, 1976

Moore et
al.,1993

Moore et al.,
1993

Moore et al.,
1991

Moore and
Burch, 1986

Gallant and
Wilson, 2000
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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 km? with a very high-resolution (~2.5 m)
DEM (Cavalli et al., 2013). Mishra et al. (2019) and Swrankar et al. (2020) applied this IC in
the larger basin area (~50,000 to 70,000 km?) 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; Swrankar 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

(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:

1€ = 10g10(Dup/Dan) = l0g10 (WSienf ik /Zi = K1y dy/W;S,) . (6)

where ICk is the sediment connectivity index (dimensionless) at the particular cell; k is the
cell number; Dyp is the upslope component; Dgn 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); Ax is the upslope contributing area (m?) at cell (k); nk is the total
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number of the cell in the basin; di is the length of the i"" cell along the flow path (m); Wi is the
weight (C factor) at the i" cell (dimensionless); Siis the slope (m/m) at the i cell. The IC is

defined in the range of [—o0,+o0], 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). We used NASA-DEM (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 1 (FAO, 1978; Wischmeier and Smith, 1978; Morgan, 2009; Ganasri and
Ramesh, 2016; Swrankar 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., NASA-DEM and C-factor
map) are resampled to the same pixel size (30 m) for the calculation of IC (Eg. (6)).
According to several researchers (notably Zanandrea et al. (2019); Mishra et al. (2019);
Swrankar 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 a relatively
small, 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 we 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
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values derived from topography and land-use/land-cover characteristics would help us to

better understand the sediment connectivity pattern in these large basins.

4. Results

4.1 Geomorphometric analysis

The result of geo-morphometric parameters are presented in Table 4. The Strahler’s stream
order suggests that 7 (Teesta), and 8™ (Torsa and Manas) order stream networks are present
along these basins (Fig. 3A). Compared to the midstream and upstream sub-basins, higher
stream frequencies have been observed downstream (Fig. 3B). Considering the whole basin
(WB), the stream frequency ranges from (1.12 to 1.14 km™) where the highest stream
frequency is found at Teesta (1.14 km) 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 (Dq)
results suggest comparatively higher values in the Teesta basin (1.07 km/km?) compared to
the Torsa basin(0.98 km/km?), and the Manas basin (0.96 km/km?) (Fig. 3C). 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
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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 (C¢) 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 value
shows a more circular basin shape) (Miller, 1953). The low values for the circulatory ratio in
these basins indicates 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. 3D). As a whole basin, Teesta shows a relatively higher bifurcation ratio
(Rv) (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.

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 (Ry) of the
Teesta, Torsa, and Manas basins is 6.61, 6.36, and 5.69, respectively (Fig. 3E). 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 Ry values reflects slope and relief differences among these sub-basins and basins.
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506  Fig. 3. A) Stream order (Strahler, 1964) maps for (a) Teesta, (b) Torsa, and (c) Manas basin.
507  Bar plots of B) stream frequency, C) drainage density, D) bifurcation ratio, and E) relief ratio

508 are shown for all the basins and sub-basins.

509 Table 4. Comparison of morphometric parameters at selected basins and sub-basins

Basin  Sub-basin Fs Ry Rc Dq D¢ Cc If R R: Rn

Teesta UPS 117 179 020 094 110 149 110 7901 13.80 7.44
MDS 112 227 020 119 134 162 134 4336 698 5.15
DWS 122 185 013 111 136 144 136 99 0.18 0.11
wWB 114 187 016 1.07 121 312 121 7901 6.61 8.42
Torsa UPS 1.07 187 018 092 099 208 099 5981 7.49 5.50
MDS 114 181 018 093 107 211 107 4726 583 441
DWS 118 180 0.18 058 135 158 135 2656 4.37 3.05
WB 112 177 023 098 110 29 110 7208 6.36 7.07
Manas UPS 110 196 013 095 104 264 1.04 4736 467 4.50
MDS 113 187 022 088 100 279 1.00 6944 6.49 6.13
DWS 113 192 022 106 119 183 119 4444 632 471
WB 112 182 024 096 108 343 1.08 7490 569 7.20

Note: abbreviations of parameters are according to Table 3.
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4.1.1 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. 4 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).

6000 - Teesta channel profile A) 5000 Torsa channel profile B)
5000 - 4000
E 4000 - =
z = 3000
2 3000 —UPS £ —ups
% 2000 MDS 532000 MDS
—DWS —DW5
1000 1000
r 0 T T T T 0 \‘—_
-200 0 200 400 600 800 1000 0 100 200 100 400 500 600
Distance (km) Distance (km)
6000 Manas channel profile H H H H
C) Fig. 4. Longitudinal channel profiles of A)
5000
00 & Teesta, B) Torsa, and C) Manas. UPS,
£ 3000 —uwrs | MDS, and DWS reaches have been
2 MDS
& 2000 - ,, . . . .
o —>ws | considered to show the variations in
1000
P — channel profiles. The distance is from the
0 200 400 600 800 1000 1200 1400 1600 .
Distance (km) upstream end of each section.
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4. 2 Topographic analysis

The topographic factors are described from upland to downslope areas in Table 5.
Generally, a channel slope greater than 25° is preferred for debris or sediment flow initiation,
which 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 greater than 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.

Further, the TWI1 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
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TWI ranges from 5.79 to 7.63 and 6.93 to 8.55, respectively, where comparatively higher
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. 5A). 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).

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. 5B). Furthermore, the steeper slopes with high SPI and low TWI are

expected to have high flow and sediment potential. High SP1 with steeper slopes at upstream
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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 greater than 15°), flat: 0.5 >
TPI > -0.5 (angles less than 15 °), lower slope: -0.5 > TPI > -1.0, and valley: TPl < -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
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and Torsa from upstream to downstream. The positive values of TPl 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>TPI1<-0.5,
which identified these basins as middle slope regions, where UPS and DWS are dominated
by a steeper slope 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).
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Fig. 5. 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, 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. 6). Moreover, he terrain classification map in Fig. 7 represents
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the hilly mountainous to the lowland features, resembling the spatial distribution of

topographic features derived from this study.

Table 5. Basin topographic features analyzed (abbreviations are according to Table 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
A) oL IZC ” y=-O_I8{122:1)8;97_6075 B) o o lg) o y:-0.19£5:6>8;97.4735
E 6 1 o —Oa E 6 1 12
=1 4 4 g 47
g = ]
= f ZLnSLOPE ' ; i T ZLHHAND ) ]
5 -6 - g 8 4
=
OTWIand ZLnSLOPE O SPI and ZLnSLOPE OTWI and ZLnHAND O SPI and ZLnHAND
C) 10 ; y =-1.0236x + 7.8256 Fig. 6. Correlation of terrain geometric
O-o84o R>=0.98 ) )
2 6 1 T ——es0o0 signatures and topographic features A)
é ;‘ ] ZLnslope with TWI and SPI, B) ZLnHAND
ZTexture
T 95 .6 05 1 ' ,s | with TWI and SPI, and C) ZTexture with
5 -4 - —1.578x - 4. TWI and SPI. P<0.001 shows a significant
2 o, T Rtoe |
= level.
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Fig. 7. Terrain classification with geomorphological features of a) Teesta, b) Torsa, and c)

Manas basin based on the data of lwahashi and Yamazaki (2022).

4.3 Index of connectivity (IC) analysis

4.3.1 Spatial analysis of IC

The spatial IC patterns of studied basins show non-homogenous connectivity potentials (Fig.
8). 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
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disturbances (Wohl et al., 2019). The distribution and descriptive statistics of IC values for

different basins are presented in Fig. 9 and Table 6, respectively.

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
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

34|Page



672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

the DWS of Teesta (Supplementary Fig. S1E). 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 6).

Index of connectivity (IC)

0 375 75 150 Kilometers
[_ISub-basin boundary (UPS-MDS-DWS) [T

Fig. 8. Spatial distribution of index of connectivity for (a) Teesta, (b) Torsa, and (c) Manas

basin.
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Fig. 9. Distribution of IC for each basin and sub-basins are shown in Box plots.

Table 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
wWB -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
wWB -14.49 3.06 -6.52 1.96

4.3.2 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
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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.10A). On the other hand, the mean IC values plotted against the
geometric signatures (ZINSLOPE, ZInHAND, and ZTexture) of terrain classes, which is a
proxy for the topographic application and the sediment supply potential (lwahashi et al.,
2021), show positive correlations (Fig. 10B). 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.

50- A o 2 y = 1.0074x + 8.4447 B)
) 5 s R2=0.77

22 8

£5 é % L5 o — —— e
NG 12 | - T o=
g ¥y =0.9346x + 7.8743 — =

¢} 28 09 R2=10.72 8

70~ S~
22 06 o
22 03 y=0919x + 75219

. g8 "™ R>=0.76

P ; ; ; : : ‘
& 63 65 67 69 71 73 75

! | | | Mean IC
5000 10000 15000 20000
Average annual yield (106m3) DIC and ZLnSLOPE ~ OIC and ZLnHAND  OIC and ZTexture

Fig. 10. 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).

4.4 Inter-relationship among morphometric and topographic variables

Like the morphometric studies of Faghih et al. (2015), Pant et al. (2020), and R6zycka and
Migon (2021), correlation analysis has been performed here to examine interrelationships

among fifteen (15) different morphometric and topographic variables. Pearson's correlation is
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frequently used for this purpose and the results of the correlation matrix are given in
Supplementary Fig. S3. The correlation matrix of morphometric and topographic variables
depicts a significant positive correlation between Di-Fs, Fs-If, If-Di, Cc-Rn, slope-SPI, and
STI-TPI. Also, significant negative correlations between slope-Dy, slope-TWI, If-SP1, 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 (Supplementary Table S1).
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).

5. Discussion

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 7" to 8" 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 m®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 that are not
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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 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
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,
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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.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
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DEM resolution may affect the values of the indices, which can be investigated in future

research (Chen and Yu, 2011; Panagos et al., 2015).

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 7). The spatial mapping of hillslope to channel connectivity shows
considerable variations and inhomogeneity in these basins (Fig. 8). 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.

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 (Lopez-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 (Supplementary Fig. S4) 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
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Goswami, 2018; Singh et al., 2021; Pangare et al., 2021) (Supplementary Fig. S5). 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 processes, connectivity, and geomorphic changes in

the catchment systems, but are beyond the scope of this article.

Furthermore, land cover directly affects sediment connectivity (Lopez-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 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
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 (LOpez-
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
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of sediment source by landsliding) severely impacts the connectivity in downstream areas and

hence the basin-wide fluvial-geomorphic processes.

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 river bed aggradation (Fryirs et al., 2007; Poeppl et al., 2020). The
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 river bed 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.
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Table 7. 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.

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
(Supplementary Table S1). 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. 11), 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
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higher 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).

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
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 at 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
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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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Fig. 11. Sediment transport potential maps for (a) Teesta, (b) Torsa, and (c) Manas basin.

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
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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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1001 List of abbreviations

1002  AIC: Akaike information criterion

1003  ASCII: American standard code for information interchange

1004  ASTER: Advanced spaceborne thermal emission and reflection radiometer

1005  AW3D: ALOS global digital surface model

1006 BWDB: Bangladesh water development board

1007 DEM: Digital elevation model

1008  DTM: Digital terrain model

1009  ESA: European space agency

1010  ESRI: Environmental system research institute inc.

1011  GLAS: Geoscience laser altimeter system

1012 GLMMs: Generalized linear mixed models

1013 GRDC: Global runoff datacenter

1014  GSI: Geospatial information authority of Japan

1015 HAND: Height above the nearest drainage

1016  IC: Connectivity index

1017  ICESat-GLAS: Ice, cloud, and land elevation satellite-geoscience laser altimeter system

1018  IMD: India meteorological department

1019  IUCN: International union for conservation of nature and natural resources
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JAXA: Japan aerospace exploration agency

LULC: Land-use/land-cover (LULC)

LPDAAC: Land processes distributed active archive center

LS: Slope-length

MEaSUREs: Making earth system data records for use in research environments

MERIT DEM: Multi-error-removed improved-terrain DEM

NASA: National aeronautics and space administration

NetCDF: Network common data form

PRISM: Panchromatic remote-sensing instrument for stereo mapping

SPI: Stream power index

SRTM: Shuttle radar topographic mission

STI: Sediment transport index

STPM: Sediment transport potential maps

TanDEM-X: TerraSAR-X add-on for digital elevation measurement

TauDEM: Terrain analysis using digital elevation models

TPI: Topographic position index

TRET: TRMM data extraction tool

TRMM: Tropical rainfall measuring mission

TWI: Topographic wetness index
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Supplementary Fig. S1. 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.
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Supplementary Fig. S3. The correlation matrix represents the relationships and relative

importance of morphometric and topographic indices (abbreviations are according to Table

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.
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Supplementary Fig. S4. 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-11l, iii) Teesta low DAM- IV project, iv) Gazoldoba barrage
& diversion at Teesta (India), v) Teesta barrage & diversion (Bangladesh), vi)
Punatsangchhu-1 hydroelectric project, vii) Punatsangchhu-11 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.
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Supplementary Fig. S5. 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.
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1860  Supplementary Table S1. Results of Generalized linear mixed models (GLMMs) testing the
1861  effects of morphometric and topographic factors on connectivity (IC). The models were

1862  summarized as A) multivariate, B) univariate, and C) Null model in the table.

Explanatory variables  Log-likelihood Akaike information P value
criterion (AIC)

A) Multivariate model

SPIx RyxFsx DgXRp 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 *

Dqd -11.91 33.80 <0.001***
Ro -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 (D4), and bifurcation
ratio (Rp) 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.

1863
1864
1865
1866
1867
1868

1869

88|Page



