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ABSTRACT 
Riverbank erosion and rapid channel migration in large braided 

alluvial rivers such as the Brahmaputra pose substantial risks to 

infrastructure, settlements, and ecological systems. This study applies 

a high-resolution two-dimensional hydrodynamic and 

morphodynamic modeling framework to investigate meander bend 

evolution and bank erosion processes in an actively migrating reach 

near Palasbari, India. Simulations under bankfull and extreme flood 

conditions reveal pronounced hydraulic asymmetry within the bend, 

with peak velocities reaching 4.83 m s⁻¹, flow depths exceeding 65 m, 

and significant secondary circulation generating localized reverse 

flows greater than 3 m s⁻¹. These high-energy conditions produced 

deep local scour (>30 m) along the southern outer bank, confirming 

its high susceptibility to erosion during frequent and extreme flood 

events. Scenario-based intervention analysis demonstrates that 

sediment-guided realignment-through dredging of the mid-channel 

bar and strategic sediment placement along the outer bend-effectively 

reduces near-bank flow intensity and secondary currents, thereby 

lowering erosion potential. In contrast, structural flow deflectors 

intensified reverse flow zones and increased local instability, 

highlighting the risks associated with poorly evaluated engineering 

measures. The findings provide new process-based insights into 

meander morphodynamics under extreme hydraulic forcing and 

demonstrate the value of integrated hydrodynamic–morphodynamic 

modeling for evaluating erosion mitigation strategies. The study 

underscores the importance of adaptive, sediment-oriented river 

management approaches for sustaining morphological stability in 

highly dynamic alluvial systems such as the Brahmaputra River. 
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1. Introduction  
    River morphodynamics refers to the interdisciplinary study 

of the physical processes that govern the evolution of river 

channels over time, driven by the complex interplay between 

water flow (hydrodynamics), sediment transport mechanisms, 

and channel bed and bank morphology [1, 2]. This field 

integrates principles of fluid mechanics, sedimentology, and 

geomorphology to understand how rivers respond to natural 

and anthropogenic forcings across varying spatial and temporal 

scales [3, 4]. Among river types, braided rivers exhibit the most 

dynamic morphodynamic behavior due to their network of 

multiple interlacing channels separated by transient mid-

channel bars or islands [5, 6, 7].  

*Corresponding Author: 

Kuldeep Pareta 

 
Email: kupa@dhigroup.com  

Received: 2025.02.03  
Accepted: 2025.05.25 

J. Hydraul. Struct., 2026;12(4):14-41 

DOI: 10.22055/jhs.2026.51623.1376 

 

 

https://jhs.scu.ac.ir/


 Meander Bend Evolution and Bank Erosion Modeling of a reach of … 

Journal of Hydraulic Structures  

15 

 

These rivers are typically associated with 

high sediment supply, steep gradients, and 

variable discharge regimes, which together 

facilitate frequent channel avulsions, lateral 

migration, and bar formation or erosion [8, 

9]. The inherent instability of braided 

systems makes them particularly sensitive 

to fluctuations in flow magnitude, sediment 

availability, and boundary conditions such 

as bank erodibility or vegetation cover [10, 

11, 12]. Consequently, predicting 

morphological changes in these systems is a 

complex task with significant implications 

for river engineering, infrastructure 

resilience (e.g., bridge piers, embankments), 

flood risk management, and habitat 

conservation [13, 14, 15]. 

The Brahmaputra River exhibits highly 

dynamic hydro-sedimentary processes 

characterized by intense and recurrent 

channel migration, lateral bank erosion, and 

floodplain reconfiguration -phenomena that 

define its morphodynamic behavior [16, 17, 

18]. The braided nature of the channel, with 

constantly shifting mid-channel bars and 

anastomosing threads, further compounds 

the river’s unpredictability [19]. Satellite 

imagery observations and field surveys have 

reported riverbank erosion rates in the 

Brahmaputra River exceeding 72 m/year in 

certain reaches, causing significant land 

loss, population displacement, and damage 

to infrastructure [20, 21, 22]. Given the 

Brahmaputra’s role in supporting densely 

populated floodplains, agrarian livelihoods, 

and key transport corridors, a robust 

understanding of its morphodynamics is 

imperative for sustainable river basin 

management [23, 24, 25, 26]  

Historically, river morphodynamics were 

assessed using empirical techniques and 1D 

hydraulic models such as HEC-RAS or 

MIKE+, which, while foundational, are 

inherently limited in representing the spatial 

complexity and lateral variability of large 

braided rivers [11, 27, 28, 29, 30, 31, 32]. 

Empirical methods often rely on steady-

state assumptions and uniform geometries 

that do not reflect the dynamic, non-linear 

nature of rivers like the Brahmaputra [33, 

34]. 

Moreover, 1D models, which simulate 

flow along a longitudinal profile, fail to 

capture critical morphological processes 

such as bar formation, bifurcation, eddy 

formation, and localized bank erosion [10, 

35, 36]. These limitations have led to the 

adoption of two-dimensional (2D) and 

three-dimensional (3D) models that provide 

spatially distributed and temporally 

responsive simulations of sediment 

dynamics, hydraulic flow, and 

morphological evolution [37, 38, 39, 40, 41, 

42]. Among these, MIKE 21C - developed 

by DHI - has proven effective for braided 

and meandering rivers, offering advanced 

capabilities through its curvilinear 

orthogonal grid system, which conforms to 

natural river planforms and enhances model 

accuracy [43, 44, 45]. MIKE 21C integrates 

Saint-Venant equations with sediment 

continuity modules to simulate bed level 

changes, bar migration, lateral erosion, and 

sediment partitioning [46, 47, 48, 49, 50]. 

The model accounts for multiple sediment 

fractions and bank erosion processes driven 

by hydraulic shear and has been 

successfully applied in sediment-rich rivers 

such as the Brahmaputra, Ganges, and 

Mekong to support flood risk mitigation, 

river training design, and long-term 

morphological forecasting [32, 51, 52, 53]. 

Two-dimensional (2D) hydrodynamic 

and morphological modeling tools have 

proven highly effective for simulating 

sediment transport, erosion, and channel 

dynamics across varied riverine and coastal 

environments. Ramakrishnan [54] utilized 

the MIKE 21 Mud Transport model in the 

Gulf of Kachchh, leveraging Oceansat 

OCM-derived SSC to drive sediment 

simulations. The study emphasized the 

importance of tuning parameters such as 

settling velocity and critical shear stress 

based on sediment characteristics, revealing 

the spatial variability driven by tidal 

currents and seabed morphology. Morianou 

[43] applied MIKE 21C in the Koiliaris 

River and successfully reproduced water 
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levels and sediment transport using high-

resolution DEMs and field data. Similarly, 

Dang [55] demonstrated the robustness of 

MIKE 21C in the lower Mekong River, 

capturing seasonal variations and sediment 

processes with strong calibration 

performance. In the Brahmaputra River, 

Karmaker [56] used a 2D model to simulate 

short-term morphological changes, 

validating thalweg shifts and evaluating 

groyne field effectiveness in braided 

systems. Morianou [57] extended these 

models to climate impact studies, 

highlighting that projected increases in 

rainfall could exacerbate bank erosion. 

Wang [58] modelled unsteady urban river 

flows using MIKE 21 FM, showing how 

cross-sectional irregularities affect 

hydraulic performance and flood risk. 

Pareta [59] applied MIKE 21C for 

predicting morphological evolution in the 

Brahmaputra, validating simulations with 

ADCP and flood-level data. These 

applications collectively highlight the 

reliability of 2D models in representing 

complex hydraulic and sediment transport 

processes for both natural and 

anthropogenic scenarios. 

Recent studies have expanded the use of 

integrated 1D-2D modeling systems to 

improve sediment transport predictions and 

river management strategies. Pareta [32] 

developed a comprehensive framework 

combining MIKE Hydro River, MIKE 21 

FM, and MIKE 21C to simulate 

hydrodynamic and sediment transport 

processes in the Banshadhara River. The 

model achieved high accuracy (98.3% for 

water levels, 86.7% for sediment transport), 

using the Wilcock & Crowe formula for 

gravel-bed conditions. The simulations 

revealed bend-induced erosion zones and 

spatially variable flow dynamics, supporting 

effective flood risk and channel migration 

assessments. In the sediment-laden 

Brahmaputra River, Pareta [53] further 

employed MIKE 21C to forecast 

morphological evolution. Validation with 

ADCP observations confirmed the model’s 

reliability in scenario-based erosion 

prediction and design of training works. Le 

[60] assessed coastal morphological 

responses to breakwaters in the Mekong 

Delta using MIKE 21 FM, illustrating how 

optimized breakwater configurations 

enhance sediment deposition and shoreline 

stabilization. Sarker [61] combined 1D and 

2D techniques to distinguish floodplain 

from channel flows, improving risk analysis 

in low-gradient terrains. Samir [62] 

modelled flow disruptions during bridge 

rehabilitation on the Nile, showing that 

reduced cross-sectional areas can alter 

hydrodynamics, advocating for low-flow 

period interventions. Jiang [63] introduced 

the AHMS-SED model in the Yellow River 

Basin to couple hydrology with sediment 

transport, successfully reproducing gully 

erosion trends under climatic and human-

induced changes. These efforts underscore 

the growing sophistication of modeling 

frameworks in supporting sediment 

management, infrastructure design, and 

adaptive river basin planning. 

This study aims to employ the MIKE 

21C modeling framework to simulate and 

morphological forecast and bank erosion in 

a selected reach of the Brahmaputra River. 

The specific objectives include: (i) 

development and calibration of a 2D 

morphological model for the target reach; 

(ii) analysis of hydraulic behavior and 

morphological dynamics at the south bank 

hill bend; (iii) simulation of sediment 

transport and channel evolution under 

varying hydrological conditions; (iv) 

projection of future morphological changes, 

including general and bend scour 

development; and (v) identification of 

erosion-prone zones to inform riverbank 

protection and management strategies. 

 

2. About the study area 
Figure 1 depicts the location of the study 

reach and highlights the key surrounding 

locations within the study area.  
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Figure 1. Location map of study area showing hill bend near Palasbari town of Assam state, India 

 

The Brahmaputra River, one of the largest 

and most sediment-laden rivers in the 

world, presents a quintessential example of 

the complexities associated with 

morphodynamic processes in braided river 

systems [23, 64, 65]. Originating from the 

Manasarovar Lake region, near Mount 

Kailash in the Tibetan Himalayas, the river 

traverses a highly varied topography and 

climatic regime as it flows through China 

(as Yarlung Tsangpo), enters India through 

Arunachal Pradesh, and meanders through 

the alluvial plains of Assam before entering 

Bangladesh [66, 67]. Throughout its course, 

particularly in the middle reaches across 

northeastern India, the river is subject to 

extreme seasonal hydrological variability 

[68, 69, 70]. This is largely driven by the 

South Asian monsoon, during which the 

Brahmaputra experiences substantial 

increases in discharge, often exceeding 

22,000 m³/s, accompanied by an enormous 

sediment influx derived from steep, erosion-

prone Himalayan catchments [71, 72, 73]. 

The mean annual flow of the Brahmaputra 

River system exhibits significant spatial 

variability across different gauging stations, 

ranging from approximately 31,200 million 

cubic meters per year (MCM/yr) to 605,490 

(MCM/yr) (Table 1). The annual sediment 

load of Brahmaputra River has been 

estimated at over 400 million tonnes / year, 

placing the river among the highest 

sediment-yielding systems globally [65, 74, 

75]. 

 
Table 1. Mean annual flows at key locations along the Yarlung Tsangpo–Brahmaputra–Jamuna 

River System 

S. No. River reach Observation site 
Mean flow 

(MCM/yr) 
References 

1 Yarlung Tsangpo Nuxia U/S 31,200 [76] 

2 Yarlung Tsangpo Nuxia D/S 60,570 [77] 

3 Yarlung Tsangpo India-China Border 135,900 [77] 

4 Siang Pasighat 185,100 [78] 

5 Brahmaputra Majuli 278,447 [79] 

6 Brahmaputra Pandu 526,100 [80] 

7 Jamuna Bahadurabad 605,490 [76] 
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Mean annual flow observation sites along the Yarlung Tsangpo–Brahmaputra–Jamuna River 

System 

 

The hill bend at the study reach is a 

prominent geomorphological feature along 

the southern bank of the Brahmaputra 

River, located in the Kamrup Rural district 

of Assam, India, near the town of Palasbari. 

Geographically, the reach spans between 

26°07'02.302"N to 26°07'13.661"N latitude 

and 91°31'06.476"E to 91°31'39.092"E 

longitude (Figure 1), approximately 20 km 

southwest of Guwahati. This bend is 

distinguished by a pronounced curvature 

adjacent to a stable hill slope, which exerts 

a substantial influence on the river’s 

hydrodynamic and morphodynamic 

behavior. The proximity of elevated terrain 

along the concave (outer) bank confines the 

channel laterally, enhancing flow 

acceleration and concentrating shear stress 

during high discharge events. Consequently, 

the bend experiences intensified bank 

erosion and scour development along its 

outer margin. The restricted lateral mobility 

due to the hill’s presence makes this reach 

especially vulnerable to hydraulic forces, 

thereby classifying it as a high-priority zone 

for riverbank protection and river training 

interventions. The strategic significance of 

this bend is further amplified by its 

proximity to densely populated areas and 

critical infrastructure, necessitating 

informed and sustainable morphological 

management. 

The study reach is characterized by a 

humid subtropical climate, with an average 

annual rainfall of approximately 2,300 mm 

(Shing et al., 2004). The mean annual 

temperature is around 24°C, with minimum 

temperatures reaching 17°C during the 

winter months (December to February) and 

maximum temperatures rising to 39°C in 

the summer (June to August).  

 

3. Data used 

3.1. Digital elevation model and 

bathymetric data 
Copernicus digital elevation model 

(DEM) a 30 m resolution Digital Surface 

Model derived from the WorldDEM dataset 

via the TanDEM-X mission (DLR and 

Airbus), represents surface features 

including vegetation, infrastructure, and 

built-up areas. In this study, Copernicus 

DEM (2015), sourced from the Copernicus 

Data Space, was utilized to validate cross-

sectional elevation profiles and support 

detailed topographic analysis of the study 

area. 

Cross-sectional data utilized in this study 

were obtained from the Water Resources 

Department, Assam. These datasets were 

further refined and enhanced through the 

integration of available bathymetric 

https://jhs.scu.ac.ir/
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measurements to improve the representation 

of channel geometry and subaqueous 

features. 

Gridded bathymetric data employed in 

this study were sourced from the General 

Bathymetric Chart of the Oceans (GEBCO), 

specifically the GEBCO_2024 Grid-a 

global terrain model that provides elevation 

information for both terrestrial and oceanic 

surfaces. This dataset, available at 15 arc-

second (~400 m) spatial resolution, is 

accompanied by a Type Identifier (TID) 

Grid, which classifies the underlying 

sources used in the generation of elevation 

values. Bathymetric data spanning the 

period from 2019 to 2024 were downloaded 

from the GEBCO repositoryto support 

topographic and morphological analyses 

within the study area.  

 

3.2. Hydrological and meteorological 

data 
Gridded river discharge data utilized in 

this study were sourced from the 

Copernicus Emergency Management 

Service (CEMS) Early Warning Data Store, 

specifically from the Global Flood 

Awareness System (GloFAS). These data 

are generated using the LISFLOOD 

hydrological model, which is forced with 

ERA5 meteorological reanalysis inputs 

interpolated to a spatial resolution of 0.05° 

(approximately 5 km) and produced at a 24-

hour temporal resolution. GloFAS provides 

two types of hydrological outputs: 

intermediate data, derived from the near 

real-time ERA5T inputs and updated daily, 

and consolidated data, based on the 

finalized ERA5 reanalysis and updated 

monthly. For the present study, daily river 

discharge data spanning the period 2015 to 

2024 were acquired and used to analyze 

hydrological dynamics within the study 

reach. The dataset was used for both 

simulations. The 2-year and 100-year return 

period floods were computed using 

statistical frequency analysis of the 

observed flow data, applying the standard 

hydrological methods (e.g., Gumbel’s 

extreme value distribution). 

Water level observations for the period 

2015-2024 were obtained from the Central 

Water Commission (CWC). These data 

provide critical insights into the temporal 

fluctuations of water levels in the study area 

and were utilized to support hydrodynamic 

modeling and river behavior analysis. 

 

3.3. Bed sediment sample 
In December 2024, a total of nine bed 

sediment samples were collected using a 

Van Veen Grab sampler from three cross-

sections within the 2D model domain to 

analyze grain size distribution, gradation, 

and sorting (Figure 1). The samples were 

specifically collected to assess hydraulic 

roughness and sediment transport 

characteristics. At each cross-section, one 

sample was taken from the mid-channel, 

and two samples were collected from the 

bank-adjacent areas. These data are 

essential for understanding the sediment 

dynamics and refining the model’s sediment 

transport predictions. 

 

3.4. Satellite and ancillary data 
Satellite imagery from Landsat-5 TM, 

Landsat-7 ETM+, Landsat-8 OLI, and 

Landsat-9 OLI-2, each with a spatial 

resolution of 30 meters, covering the period 

from 2013 to 2024, were obtained from 

Earth Explorer. These images were 

employed for the analysis of river planform, 

riverbank erosion, and delineation of 

banklines, providing critical data for 

understanding morphological changes in the 

study area. 

 

3.5. Data limitations 
Despite the use of reliable and widely 

accepted datasets, certain limitations were 

inherent in the input data utilized for this 

study. The Copernicus DEM, with a spatial 

resolution of 30 m, may include surface 

features such as vegetation and built-up 

infrastructure, potentially leading to 

overestimated elevations in densely 

vegetated or urbanized areas. To mitigate 

this, cross-sectional elevation data from the 

Water Resources Department, Assam, were 

https://jhs.scu.ac.ir/
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used to validate and refine terrain 

representation. Similarly, GEBCO 

bathymetric data, available at ~400 m 

resolution, lack the spatial detail necessary 

for fine-scale channel morphology 

representation and were therefore enhanced 

using in-situ bathymetric and cross-

sectional measurements where available. 

The GloFAS discharge dataset, while 

offering consistent and long-term gridded 

hydrological data, represents modelled 

outputs and may not fully capture localized 

flow variability, particularly in complex 

alluvial systems like the Brahmaputra. To 

address this, observed water level data from 

the Central Water Commission (CWC) were 

used for calibration and validation of 

hydrodynamic simulations. Furthermore, 

satellite imagery analysis using multi-

temporal Landsat data (2013-2024), with a 

spatial resolution of 30 m, is affected by 

seasonal cloud cover and varying river 

stages, which may obscure banklines and 

charland features. These limitations were 

addressed through careful image selection 

and cross-verification using ancillary 

datasets. While these measures enhance 

data reliability, the inherent limitations may 

still introduce uncertainties in model 

outputs, particularly in regions with sparse 

observations or highly dynamic 

morphological features. 

 

4. Methodology 

4.1. Overview of numerical modelling 

tools 
Two-dimensional numerical models are 

effective tools for simulating long-term 

river morphology and assessing the 

influence of river engineering structures. A 

benchmarking study conducted by the 

National Sedimentation Laboratory (ARS-

USDA) for the U.S. Army Corps of 

Engineers [81] evaluated the capabilities of 

such models. Among several candidates, 

only five met the established criteria: MIKE 

21C (DHI, Denmark), Delft2D-Rivers 

(Deltares, Netherlands), CCHE2D 

(NCCHE, University of Mississippi, USA), 

TABS-MD (US Army Corps of Engineers, 

USA), and TELEMAC (EDF, France). Of 

these, MIKE 21C and Delft2D 

demonstrated the most comprehensive 

theoretical frameworks for modeling 

sediment transport, bank erosion, and 

morphological evolution in curved river 

channels. A comparison of their key 

features is summarized in Table 2. 

 
Table 2. Salient features of MIKE 21C and Delft2D for two-dimensional hydrodynamic and 

sediment transport simulations 

S. 

No. 
Key features 

MIKE 

21C 
Delft2D 

1 Governing equations solved in curvilinear finite difference gird ✓ ✓ 

2 Time integration method is second order, thus accurate and allows 

larger time step, computation is efficient 
✓ ✓ 

3 Capable of wetting and drying, very important in braided rivers ✓ ✓ 

4 Temporal and spatial variation in use of flow roughness, very 

important in braided rivers 
✓ x 

5 Simulate non-cohesive bed material separately for bed and suspended 

load by different size class, and erosion/deposition of riverbed 
✓ ✓ 

6 Simulating transport, erosion, deposition and consolidation of cohesive 

materials 
✓ ✓ 

7 Simulate transport of sand and mud mixtures ✓ x 

8 Include effects of helical flow in river bends on momentum and 

sediment load 
✓ ✓ 

9 Bank erosion in fixed and in moveable grid ✓ x 

 

https://jhs.scu.ac.ir/
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Figure 2. Schematic workflow of the methodology for 2D hydrodynamic and morphodynamic 

modeling. 

 

MIKE 21C was selected for its advanced 

capabilities in simulating complex fluvial 

systems, particularly braided river reaches. 

Its use of a flexible curvilinear grid allows 

for precise representation of natural channel 

geometry with minimal grid distortion. In 

contrast to Delft2D, which employs 

structured or unstructured grids, MIKE 21C 

offers enhanced efficiency in modeling 

sediment transport dynamics, bank erosion 

processes, and long-term morphological 

evolution. This makes it particularly 

suitable for detailed, process-based analyses 

required in river engineering and sediment 

management applications. A schematic 

workflow of the methodology and modeling 

framework is shown in Error! Reference s

ource not found.. 
 

4.2. Model setup and input data  

4.2.1. Computational grid 
A two-dimensional hydrodynamic model of 

the study reach near the hill bend was 

developed using 7,860 computational cells 

within a curvilinear orthogonal grid 

framework in the MIKE 21C modeling 

system. The domain spans approximately 1 

km in length and 0.5 km in width, 

comprising 120 cells along the flow 

direction and 65.5 cells across the channel. 

The curvilinear grid enables variable cell 

dimensions, with an average longitudinal 

cell size of about 7.5 meters, allowing 

efficient representation of complex channel 

geometry (Figure 3). A detailed mesh 

convergence test was conducted to ensure 

numerical accuracy and solution stability. 

Multiple grid resolutions were evaluated, 

and key hydraulic and morphological 

outputs-such as velocity distributions, bed 

level changes, and water surface profiles-

were compared. Convergence was 

confirmed when changes in results between 

successive mesh refinements became 

negligible (within 5%). This high-resolution 

configuration was found to be optimal 

capturing localized morphological dynamics 

such as bend scour, obstruction-induced 

scour, and bank erosion with sufficient 

precisions. The model’s capability was 

validated through bathymetric outputs, 

which successfully depict the observed 

scour zones near the hill toe with well-

defined depth contours. 
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Figure 3. Curvilinear grid configuration and bathymetric profile of the hill bend study reach near 

Palasbari town. 

 

4.2.2. Model topography and 

bathymetry 
The bathymetry for the two-dimensional 

model was developed using a combination 

of gridded bathymetric datasets (2019-

2024) and high-resolution cross-sectional 

data. Approximately 40 cross-sections were 

collected over a 1 km stretch along the 

thalweg, capturing the channel's deepest 

zones. The integrated dataset enabled the 

construction of a detailed bathymetric 

surface within the model domain, as 

illustrated in Figure 3. The resulting 

bathymetry effectively resolves 

morphological features such as scour zones, 

particularly in the vicinity of the hill bend, 

owing to the fine spatial resolution of the 

computational grid and the high accuracy of 

the survey inputs. 

4.2.2. Hydrological condition 
The boundary conditions for the present 

localized hydrodynamic model were 

derived from a large-scale model 

framework [82]. The upstream inflow 

boundary was specified using discharge 

data from the Pandu gauging station, while 

the downstream boundary was defined by 

applying observed water level data. Model 

calibration was performed using data from 

the 2023 hydrological year (Figure 4), and 

subsequent validation was carried out in 

June 2024. Discharge at the Pandu station 

for the calibration period was estimated 

through a stage–discharge relationship 

established via a rating curve based on 

observed water level measurements. 

 
Figure 4. Two-dimensional model boundary conditions, inflow discharge and downstream water 

https://jhs.scu.ac.ir/
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level at Pandu gauging station. 

 

At the Pandu gauging station, the 

bankfull discharge is approximately 42,500 

m³/s, while the corresponding bankfull 

discharge incorporated from the large-scale 

model into the local model domain is about 

10,073 m³/s. The 100-year flood discharge 

at Pandu is estimated at 66,000 m³/s, 

whereas the large-scale model provides a 

value of approximately 16,943 m³/s for the 

local reach. A continuous time series of 

discharge at Pandu was reconstructed from 

daily water level records using empirically 

derived stage–discharge rating relationships 

(Eq.1 and Eq.2). These relationships were 

developed based on observed water levels 

and corresponding discharge measurements 

from the 2014 hydrological year, which 

captured a comprehensive range of flow 

conditions, including near-bankfull stages. 

The Pandu gauging site is located within a 

geomorphologically stable reach of the 

Brahmaputra River, rendering the rating 

curves robust and valid across the recent 

decade (2015-2024). The established rating 

curves have also demonstrated reliable 

predictive capability for extreme 

hydrological events, including the 2-year 

(bankfull), 50-year, and 100-year return 

period discharges [53, 83, 84]. The 2-year 

(bankfull), 50-year, and 100-year return 

period discharges were estimated using 

established rating curves, developed from 

observed stage-discharge data at the Pandu 

gauging station for the period 2000-2023. 

Frequency analysis using the Gumbel 

distribution was then applied to the rating 

curve-derived discharge values to estimate 

the return period floods. These rating curves 

have demonstrated reliable extrapolation 

capability for extreme events. 

Two rating curve equations were 

employed to estimate discharge at the 

Pandu gauging station, segmented by stage 

height.  

Stage-I rating curve, valid for water levels 

up to 47.13 m amsl, is expressed as: 

h = 14.163 × Q^0.1182 (1) 
Stage-II, applicable for water levels 

exceeding 47.13 m amsl, is defined as: 

 

h = 23.923 × Q^0.0673 (2) 
Where h is the water level (m amsl) and Q 

is the discharge (m³/s). 

Although refinement of the rating 

relationship for low-flow conditions (Q < 

10,000 m³/s) during the dry season was 

feasible, such enhancements were deemed 

less critical given the focus on simulating 

flood-induced morphological changes. 

Nevertheless, the rating curve was 

optimized as part of the model calibration 

process. Ideally, the downstream boundary 

conditions of the 2D model would rely on 

observed stage data. However, in the 

absence of a gauging station in proximity to 

the downstream boundary-aside from the 

Pandu station-water level inputs were 

extrapolated to this location. This 

introduces a degree of uncertainty in the 

model outputs. To address this, a boundary 

sensitivity analysis was performed to 

evaluate the influence of downstream 

conditions on model performance and 

improve reliability. 

 

4.2.4. Grain size characteristics 
The collected samples were conducted 

using a Van Veen grab sampler, adhering to 

established procedures [85, 86]. Sieve 

analysis [87] was employed to quantify the 

sediment size classes, including the median 

grain diameter (D₅₀), which are presented in  

Table 3. The observed grain size data align 

well with published values for the 

Brahmaputra River, further validating the 

field measurements. 

Grain sorting, evaluated through the 

sorting coefficient (σ), revealed well-sorted 

sediment across the sampled reach. Values 

of σ were consistently below 1.6, indicating 

a uniform sediment distribution as defined 

by established thresholds [46, 88].  Such 

uniformity justifies the use of sediment 

transport equations that assume a single 

representative grain size (D₅₀), thus 

improving the reliability of sediment 

transport and morphological modeling in 

the 2D simulation framework (Table 3). 
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Table 3. Grain size characteristics of bed material in the study reach (field data) and the 

Brahmaputra River (from literature). 

S. 

 No. 
Grain class Study reach* 

Brahmaputra 

in Assam** 

Brahmaputra 

in Jamuguri*** 

1 D16 (mm) 0.15   

2 D50 (mm) # 0.24 0.25 to 0.16 0.16 

3 D65 (mm) 0.29   

4 D84 (mm) 0.44   

5  (grain sorting parameter, (D84/D50)0.5 1.65   

* Grain size distribution (median size class, see note below) of the sediment samples collected by Author. 

* All the grain size distribution (GSD) values are averaged across the three cross-sections. 

** Grain size range [89]. 

*** Grain size at Jamuguri [90]. 
# The D50 values in the table are arithmetic means of D50 values of all samples from respective river reach. 

 

4.3. Sensitivity analysis 
A sensitivity analysis was performed to 

assess the impact of key input parameters 

on sediment transport and morphological 

evolution in the MIKE 21C model. 

Parameters tested included median grain 

size (D₅₀), sediment transport formula, 

Manning’s roughness coefficient, and 

critical shear stress for erosion and 

deposition. Each was varied within 

plausible limits derived from field data and 

literature, while keeping others constant 

[91, 92]. Model responses were evaluated in 

terms of changes in bed elevation, sediment 

flux, and scour depth. 

The analysis revealed that sediment 

transport formula selection and D₅₀ exert the 

greatest influence on predicted erosion and 

deposition patterns [30]. Manning’s 

roughness primarily affected local flow 

dynamics, while critical shear stress 

influenced sediment mobilization thresholds 

under moderate flows [93]. These findings 

highlight the necessity of accurate field 

calibration to ensure reliable morphological 

forecasting in braided and dynamic riverine 

systems. 

 

4.4. Scenarios and calibration 

4.4.1. Hydrodynamic and erosion 

prediction 
Hydrodynamic and erosion prediction 

involves simulating flow dynamics and 

sediment transport to identify erosion-prone 

zones and assess morphological changes. 

This helps evaluate the impact of hydraulic 

structures and flow variations on channel 

stability. 

Hydrological scenarios: Hydrodynamic 

simulations were conducted under varying 

hydrological conditions to predict key 

design parameters along the study reach. 

The modeling focused on the monsoon 

season, characterized by heightened 

morphological activity. Two primary flood 

scenarios were evaluated: (i) the bankfull 

discharge condition, representing an event 

with an approximate 2-year return period, 

and (ii) the extreme 1 in 100-year flood 

condition. Discharge and water level 

hydrographs from the 2023 monsoon season 

(Figure 4) were used as a baseline and 

subsequently scaled to reflect the peak 

magnitudes associated with these design 

flood scenarios. 

Development scenarios: For morphological 

forecasting, the above hydrological 

condition has been used, the condition / 

scenario for morphological prediction was 

as follows: (i) full length of the south bank 

of study reach was considered non-erodible, 

similar to assumption the banks are 

trained/fixed; aim is to assess scour 

development in the river, and will allow to 
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see extreme development useful for 

assessing dimension of protection work into 

the river, and volume of protection material; 

model will assess the magnitude of scour. 

However, the calculation of the volume of 

protection material or size of material / rock 

/ boulder is intended to be calculated after 

adding local scour depth to the scour 

predicted by the 2D model; (ii) the river 

training work at upstream of study reach 

was set-up in the model, i.e., existing 

protection work immediate upstream of 

damaged study reach is considered as fixed, 

i.e., non-erodible bank, and thus, impact on 

bank erosion of the damaged bend reach on 

south bank has been assessed. 

Hydraulic design variables: The hydraulic 

simulations for design variable estimation 

were conducted under fixed-bed conditions, 

based on the most recent riverbed 

topography of 2024. Two hydrological 

scenarios were considered: (i) bankfull 

discharge corresponding to a 1-in-2-year 

return period, and (ii) an extreme flood 

event with a 1-in-100-year return period. 

Depth, velocity, and water level 

distributions around the damaged study 

reach were computed relative to the 2024 

bathymetry. While flow depth is sensitive to 

temporal variations in riverbed morphology, 

water levels remain relatively stable under 

consistent hydrologic inputs. Therefore, the 

water levels reported in Table 4 can be 

applied to estimate depth for other recent 

topographic conditions. The depth-averaged 

velocities values, as presented, exhibit 

minimal sensitivity to minor bed level 

changes. A comprehensive summary of the 

computed hydraulic variables is provided in 

Table 4. It is important to emphasize that 

the total design scour depth must include 

both general and local scour components. 

The current 2D MIKE 21C model 

framework is also recommended for 

evaluating the hydraulic performance of 

proposed riverbank protection measures 

such as revetments, geo-bags, or spurs. 

Currents, and erosion prone areas: The 

study reach, characterized by an active 

meander bend, exhibits significant 

morphological dynamics, with both primary 

and secondary flow components playing 

critical roles in driving erosion processes. 

Under bankfull discharge conditions - 

which occur with relatively high frequency 

- the model predicts primary flow velocities 

exceeding 2 m/s, with peak velocities 

reaching approximately 3 m/s. This 

generates strong flow circulation and 

reverse flows in the downstream portion of 

the bend, with reverse velocities also 

exceeding 2 m/s (Figure 5 A). Given that 

the critical threshold for initiating sediment 

motion for 0.24 mm sand is approximately 

0.1 m/s, such frequent high-flow conditions 

are sufficient to induce substantial bed 

scour and bank erosion. The presence of 

strong secondary currents further 

exacerbates these processes; the prevailing 

secondary flows are directed away from the 

bank (i.e., in the positive direction), which 

intensifies lateral sediment transport and 

enhances scouring along the outer bank 

(Figure 5 B). The current speed (Figure 5 

C), and bed level map (Figure 5 D) 

confirms the persistence of a pronounced 

scour hole (bed elevation below -5 m) near 

the toe and head of the hill at the study 

reach. There is no indication of sediment 

deposition or natural infilling in this zone, 

suggesting that erosional processes will 

continue to dominate the morphological 

evolution of this bend. 
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Figure 5. (A) spatial distribution of depth-averaged primary flow, (B) patterns of dimensionless 

helical flow intensity (secondary flow structure), (C) velocity magnitude (current speed), and (D) 

longitudinal variation in bed elevation along the hill-bend study reach near Palasbari town. 

 

Table 4. Summary of measured data and simulated hydraulic parameters along the south bank of 

the study reach, and Pandu gauging station. 
Hydraulic variables   Measured data Simulated 

1 in 2-year flood (bankfull discharge) 1 in 100-year flood 

Pandu gauging station     

Depth (m) Maximum  63.23 65.24 

Average  28.64 29.32 

Water level (m, amsl) Maximum  47.35 49.52 

Average 47.23 47.25 49.27 

Minimum  47.06 48.67 

Speed (m/s) Maximum  02.97 04.83 

Average  01.24 02.05 

Study reach  Yr-2024   

Discharge (m3/s) Average  10,073 16,943 

Depth (m) Maximum 33.03 33.83 35.49 

Average 09.05 09.84 11.48 

Water level (m, amsl) Maximum 46.88 47.72 49.59 

Average 46.42 47.13 48.85 

Minimum 46.04 46.73 48.23 

Speed (m/s) Maximum 02.51 02.81 03.31 

Average 01.23 01.43 01.83 

 

4.4.2. Model calibration 
Hydraulic calibration: Hydraulic calibration involves adjusting flow resistance parameters to 

ensure the modelled water levels align with observed data. In this study, Manning’s resistance 

formulation was adopted, with the calibration performed iteratively using the model in 

hydrodynamic-only mode (i.e., excluding river morphological processes). The Manning’s 

roughness coefficient (expressed as Manning’s M) was systematically varied to optimize the 

agreement with observed upstream water levels (Figure 6). 
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Figure 6.  (A) Calibration of water levels for hydraulic resistance estimation; (B) residual analysis of 

the calibrated model; (C) validation of simulated water levels; (D) residual analysis of the validated 

model. 

 

The calibration yielded Manning’s M 

values ranging from 22 to 35, while 

calibration yielded a Manning’s M value of 

23 m¹ᐟ³/s, indicative of relatively high flow 

resistance-consistent with conditions typical 

of large, vegetated, and weed-infested 

rivers. Although this value may appear 

high, further assessment confirmed its 

plausibility within the context of the site-

specific hydraulic characteristics. Water 

levels were carefully calibrated and 

subsequently validated, demonstrating 

excellent agreement with observed data. In 

addition, residual error analysis was 

performed for both calibration and 

validation phases, revealing minimal bias 

and confirming a strong model fit across the 

entire simulation period. 

Figure 6 provides a comprehensive 

assessment of the hydrodynamic model’s 

performance through calibration and 

validation analyses, presented in four 

panels. The panel (A) depicts the calibration 

phase for 2023, where observed upstream 

water levels (U/S observed WL) obtained 

from MIKE Hydro River are compared 

against simulated water levels generated by 

MIKE 21C. This comparison demonstrates 

the model’s ability to reproduce temporal 

variations in water levels under observed 

flow conditions. The panel (C) presents the 

validation phase for 2024, contrasting 

observed water levels with MIKE 21C 

simulations to evaluate the model’s 

predictive capability under independent 

datasets. The panel (B) shows the residuals 

(observed - simulated) during calibration, 

providing a quantitative measure of model 

accuracy. The residual distribution indicates 

a mean bias of 0.013 m, with variability 

characterized by a standard deviation of 

0.101 m and extremes ranging between -

0.023 m and 0.235 m. The panel (D) 

displays the residuals during validation, 

with a mean bias of 0.016 m, a standard 

deviation of 0.097 m, and values spanning -

0.019 m to 0.204 m. Collectively, these 

panels demonstrate that the model achieves 

close agreement with observed water levels, 

with residuals remaining within acceptable 

limits for hydrodynamic simulations. The 

integrated presentation of calibration and 

validation results, alongside residual 

statistics, provides a coherent evaluation of 
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model robustness, accuracy, and reliability 

across different temporal datasets. 

It is important to note that the model 

demonstrates superior performance under 

high discharges conditions, whereas it tends 

to overestimate water levels during low-

flow (dry season) periods relative to MIKE 

Hydro River outputs. Such deviations 

between high and low discharge calibrations 

are frequently observed in hydrodynamic 

modeling. 

In morphodynamic applications, minor 

discrepancies during low-flow periods are 

generally considered acceptable due to the 

nonlinear nature of sediment transport 

processes, which are predominantly driven 

by high-flow events. 

Sediment transport calibration: 

Following the calibration of hydraulic 

resistance, the sediment transport 

component was subsequently adjusted. This 

was performed with the sediment transport 

module activated alongside bathymetric 

updating, enabling dynamic feedback 

between sediment movement and bed level 

changes. 

The Engelund-Hansen total load 

transport formula [94] was adopted for 

simulating sediment dynamics in the study 

reach. To align model output with the 

observed sediment rating curve, a scaling 

factor of 0.4 was applied to the original 

formulation. This modification is 

considered justifiable, as it remains within a 

reasonable range near unity and ensures that 

the sediment transport estimates remain 

physically realistic (Figure 7). In contrast, 

applying a substantially lower factor, such 

as 0.01, would undermine the empirical 

integrity of the model and compromise its 

realism. The observed sediment rating curve 

used for calibration was derived from 

sediment flux data reported at the Pandu 

gauging station, using both available field 

measurements and values from established 

literature. 

Since the Engelund-Hansen equation 

provides an estimate of the total sediment 

load, a load partitioning scheme was applied 

in order to distinguish between suspended 

and bed material transport. In this study, 

75% of the total load was assigned to the 

suspended fraction. This choice is supported 

by sedimentological investigations of the 

Brahmaputra River and other large alluvial 

rivers, which consistently highlight the 

dominance of suspended material in the 

transport regime, particularly during 

monsoonal high flows. Previous field 

observations and sediment rating analyses 

(e.g. [23, 89]) indicate that suspended load 

typically constitutes 70-90% of the total 

sediment flux, with the remainder 

comprising bed load. Adopting 75% as the 

suspended fraction therefore lies well within 

the empirically observed range and aligns 

with established morphodynamic modeling 

practices for large sand-bed rivers. This 

approach not only reflects the natural 

transport dynamics of the Brahmaputra but 

also provides a stable and physically 

realistic input for the model simulations. 

The application of the Engelund-Hansen 

sediment transport formula, though widely 

accepted, involves empirical adjustments 

that introduce uncertainty. The use of a 0.4 

scaling factor, while within a reasonable 

range, reflects model calibration to observe 

data at the Pandu gauging station and may 

not fully capture temporal variability or 

extreme flow conditions. Additionally, the 

assumed 75% suspended load partitioning, 

although appropriate for large rivers like 

Brahmaputra, does not account for spatial 

heterogeneity in flow and sediment 

dynamics. Limited grain size and 

bathymetric data also contribute to 

uncertainty in hydraulic roughness and 

sediment flux estimation. These factors 

underscore the need for continuous field 

data and probabilistic approaches to 

improve model robustness and reduce 

uncertainty. 
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Figure 7. Sediment transport model calibration. 

 

The sediment transport model was 

rigorously calibrated and validated using 

observed sediment data expressed in tonnes 

per day. The calibration process involved 

adjusting model parameters to match the 

temporal variations of observed sediment 

flux, while the validation confirmed the 

model’s ability to reliably reproduce 

sediment transport dynamics within the 

study reach. This approach ensures that the 

simulated sediment flux captures both the 

magnitude and temporal patterns of 

sediment transport under varying flow 

conditions. Figure 8 subsequently illustrates 

the comparison between observed and 

simulated sediment flux values, 

demonstrating the model’s performance. 

The sediment transport model was 

successfully calibrated and validated using 

observed data expressed in tonnes per day 

(Figure 8). The simulated results closely 

matched the observed sediment transport 

values in both phases, demonstrating the 

robustness of the model. Residual analysis 

was also conducted for calibration and 

validation, which showed minimal errors 

and no significant bias, indicating a strong 

agreement between observed and simulated 

values and confirming the reliability of the 

model’s performance. 

 

 
Figure 8.  (A) Calibration of sediment transport; (B) residual analysis of the calibrated model; (C) 

validation of simulated sediment transport; (D) residual analysis of the validated model. 
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Figure 8 presents a comprehensive 

evaluation of the sediment transport model 

performance through calibration and 

validation analyses, organized into four 

panels. The top-left panel (A) shows the 

calibration phase, where observed sediment 

transport (tones/day) is compared against 

simulated values from January to December 

2023. This time-series comparison 

highlights the model’s ability to reproduce 

seasonal variability and peak transport 

events, particularly during the monsoon 

period. The bottom-left panel (B) displays 

the residuals (observed - simulated) for the 

calibration dataset, providing a quantitative 

measure of model accuracy. The residual 

distribution indicates a mean bias of 

0.63 tonnes/day, with variability 

characterized by a standard deviation of 

11.03 tonnes/day and extremes ranging 

between -25.31 and 26.83 tonnes/day. 

The top-right panel (C) represents the 

validation phase, where observed sediment 

transport data from an independent dataset 

(January-December 2024) are compared 

with simulated values. This panel 

demonstrates the model’s predictive 

capability under conditions not used for 

calibration. The bottom-right panel (D) 

shows the residuals for the validation 

dataset, with a mean bias of 

0.71 tonnes/day, a standard deviation of 

12.06 tonnes/day, and values spanning -

26.21 to 27.34 tonnes/day. Collectively, 

these four panels provide an integrated 

assessment of model performance, 

demonstrating that the calibration and 

validation procedures were conducted using 

distinct temporal datasets, and that the 

residuals remain within acceptable limits for 

sediment transport simulations. 

 

5. Results and discussion 

5.1. Approaches to mitigate erosion 

risks 
The study reach bend has exhibited 

significant morphological activity since 

2024. Historical bankline analysis from 

2013 to 2024 indicates that the reach 

remained relatively stable until recent years. 

However, post-2024 observations reveal 

substantial bank erosion and bend 

migration, resulting in the formation of deep 

scours and incised channels, with general 

scour depths ranging from 20 to 30 meters-

local scour depths being considerably 

greater. This heightened morphological 

sensitivity, particularly in the context of 

ongoing and future developmental 

activities, necessitates a carefully 

engineered approach to erosion mitigation. 

Any proposed intervention must account for 

potential risks such as continued scour 

progression, compromised structural 

stability of the hill adjacent to the study 

reach, accelerated bank retreat, and long-

term threats of bend evolution and out-

flanking. 

To evaluate these concerns, two 

mitigation scenarios were tested using 

hydrodynamic modeling under a 1-in-100-

year flood condition [95]. The objective was 

not only to identify favourable effects but 

also to assess potential negative 

consequences, thereby informing risk-aware 

decision-making. It is strongly advised that 

all proposed mitigation strategies be 

subjected to rigorous scenario-based 

modeling and risk assessment prior to 

implementation. While current simulations 

were limited to hydrodynamic analyses, a 

more robust evaluation would require 

morphological modeling over extended 

temporal scales. This necessitates high-

resolution bathymetric data and model 

domain expansion to reduce uncertainty 

associated with boundary condition 

influences. The constrained spatial extent of 

the current model introduces limitations for 

long-term morphological predictions, 

underscoring the need for more 

comprehensive data and modeling 

frameworks in future assessments. 

 

5.2. Charland dredging and bend 

spoil disposal 
Dredging is planned in the shallow charland 

located on the opposite side of the eroding 
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bank. In the model, approximately 8 meters 

of material is removed through dredging, 

and the excavated sediment is subsequently 

deposited along the eroded bank, forming a 

raised feature approximately 10 meters high 

(Figure 9). The primary objective of this 

intervention is to redirect the primary flow 

into the newly dredged channel, thereby 

reducing flow impingement on the outer 

bank. Concurrently, the strategic placement 

of dredged material at the eroded bend is 

intended to diminish local flow circulation 

and suppress the formation of secondary 

currents-mechanisms that are often 

responsible for enhancing bend scour and 

accelerating bank erosion. This approach, 

simulated under conditions equivalent to a 

2-year return period flood, aims to stabilize 

the bend and mitigate further morphological 

degradation. 

  

5.3. Assessment of flow deflection 
The proposed flow deflection structures 

upstream are intended to achieve objectives 

similar to those of dredging the shallow 

charland located opposite the bank. These 

structures are designed to redirect the main 

flow toward the opposite side, thereby 

enhancing scouring and improving channel 

conveyance (Figure 10). The simulations 

for these structures were performed under 

conditions equivalent to a 2-year return 

period flood. However, their 

implementation is also being assessed for 

potential adverse impacts. Given that the 

study reach is a short and dynamically 

evolving meander bend, it is critical to 

evaluate whether the introduction of such 

deflection structures induces increased eddy 

formation or intensified secondary currents 

immediately downstream conditions that 

may be more detrimental than the existing 

hydraulic and morphological state.

 

 

 
Figure 9. Dredging and material disposal scenarios are illustrated for the pre-monsoon (left) and 

post-monsoon (right) periods of 2024. 
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Figure 10. Spur structures designed to alter flow direction are situated roughly 1 km upstream from 

the hill segment of the study reach near Palasbari town. 

 

5.4. Evaluation of dredging and 

sediment disposal scenario  
The dredging and disposal scenario appears 

to be hydraulically favourable, as it reduces 

the intensity of flow circulation and 

facilitates increased discharge through the 

dredged channel section. In contrast, the 

flow deflection scenario-based solely on 

hydrodynamic simulations-demonstrates 

unfavourable outcomes. The deflected flow 

induces a bend-like circulation pattern 

toward the opposite charland, as clearly 

illustrated in Figure 11. This newly formed 

secondary flow pattern generates a 

pronounced reverse current along the bank 

situated behind the hill, thereby intensifying 

local bank erosion. Consequently, any 

implementation of flow deflection 

measures, even if positioned further 

upstream, must be approached with caution 

and underpinned by detailed morphological 

and hydraulic assessments. 

It is also important to note that the hill 

bend within the study reach exhibited 

relative morphological stability during the 

period from 2021 to 2024. However, 

significant morphological activity has been 

observed post-2024. This raises the need for 

a thorough investigation into whether any 

upstream flow interventions may have 

contributed to this recent instability. 

 
Figure 11. (A) Hydrodynamic simulation of dredging and dumping under a 100‑year flood event, 

showing reduced flow recirculation along the bend; (B) Flow deflection scenario, illustrating 

increased circulation toward the opposite charland with stronger reverse currents along the 

southern bank bend. 
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Figure 12. Bathymetric data from the post-monsoon 2024, along with bankline migration observed 

between 2020 and 2024. 

 

Figure 11 compares two hydrodynamic 

scenarios under a 100‑year flood event. In 

Panel A, the dredging and dumping scenario 

reduces flow recirculation along the bend. 

This outcome is evident from the velocity 

and depth patterns, which show smoother 

flow alignment and diminished reverse 

currents. Such reduction in recirculation can 

potentially stabilize the bend by lowering 

localized turbulence and minimizing 

sediment deposition. 

In Panel B, the flow deflection scenario 

produces the opposite effect. The 

simulations indicate increased circulation, 

with the main current curving toward the 

opposite charland. This deflected flow 

generates stronger reverse currents along 

the southern bank bend. The intensified 

recirculation enhances shear stress on the 

bank, which may exacerbate erosion 

processes. The comparison between the two 

panels highlights how different intervention 

strategies can either mitigate or amplify 

bend instability, underscoring the 

importance of scenario-based hydrodynamic 

analysis in river management. 

Once an erosion protection revetment-

such as those constructed using geo-bags or 

cement concrete blocks installed along an 

erosion-prone reach of the Brahmaputra 

River, two outcomes are typically observed: 

(i) the structure remains functional with the 

main flow aligned along the protected bank, 

or (ii) the primary flow path migrates away 

from the structure, rendering it ineffective 

or abandoned. Both scenarios have been 

documented in various reaches of the 

Brahmaputra. In the first case, where the 

revetment remains functional and the main 

flow continues to run adjacent to the 

protected bank, one consistent hydraulic 

response is observed: increased bank 

erosion and bed scour immediately 

downstream of the revetment. This is 

attributed to the fact that the protected 

section resists erosion, thereby causing the 

flow-now sediment-deprived or ‘hungry’-to 

aggressively erode the downstream 

unprotected bank and bed. Such a 

phenomenon has been observed at the hill 

bend within the current study reach. 

Satellite-derived bankline analyses (Figure 
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12) indicate that this bend remained 

relatively stable from 2020 to 2024. 

However, under present conditions, the 

reach is experiencing significant bank 

erosion and bed degradation. Predictive 

simulations using the local 2D 

hydrodynamic model suggest that this 

erosion trend will persist, with further bed 

scour anticipated, particularly near the toe 

of the hill within the study reach. These 

developments present several potential 

future risks and management implications 

that warrant detailed investigation. 

 

5.5. Future morphological risk and 

flow realignment strategy 
In the context of ongoing bank erosion, it is 

imperative to consider potential future risks-

particularly the possibility of the river 

outflanking the study reach hill and 

rejoining the main flow channel 

immediately downstream. This scenario, 

while extreme, cannot be categorically ruled 

out. Regardless of whether such a course 

shift occurs, maintenance interventions are 

likely to be undertaken to mitigate the 

current bank erosion. However, once lateral 

bank migration is arrested through such 

protective measures, the ongoing bed scour 

at the toe of the hill has already reached 

considerable depths expected to intensify. 

Predictions from the local 2D 

hydrodynamic model indicate continued 

deepening of this scour zone. It is important 

to note that the hill at the study reach is 

currently functioning in a manner analogous 

to an engineered spur. Typically, spurs are 

designed with sloped aprons and the 

placement of scour-resistant material along 

the riverbed to counteract localized erosion. 

In contrast, the study reach hill lacks such 

protective features, making it particularly 

vulnerable to undermining by continued 

scour. This condition poses a significant 

threat to the structural and geotechnical 

stability of the hill under the 100-year return 

period. 

As a potential solution to mitigate 

further scour, it is essential not only to 

protect the eroding bank but also to divert 

the main flow away from the bank and the 

study reach hill. This flow realignment 

should be initiated upstream of the current 

model domain, preferably through strategic 

dredging of a new channel across the 

opposite charland to guide the discharge 

away from the vulnerable bankline. While 

flow deflection using structural measures 

such as spurs or groynes may also be 

considered, their placement must be 

carefully evaluated. Specifically, such 

structures should not be positioned in the 

immediate upstream vicinity of the study 

reach hill. Results from the 2D 

hydrodynamic model demonstrate that 

introducing a deflector approximately 1 km 

upstream of the hill could produce adverse 

hydraulic effects, including intensified bank 

erosion. Therefore, the optimal location and 

design of any deflector must be assessed 

within an expanded modelling framework 

that captures a larger spatial domain and 

integrates both morphological and hydraulic 

considerations. 

 

6. Conclusions 
This study employs a high-resolution 2D 

hydrodynamic and morphodynamic 

modeling framework (MIKE 21C) to 

evaluate erosion risk and inform hydraulic 

design for a dynamically migrating meander 

bend along the Brahmaputra River—one of 

the world’s most sediment-laden and 

hydrologically dynamic alluvial systems. 

By Simulating two critical hydrological 

scenarios-the 2-year bankfull discharge and 

the 1-in-100-year flood—the study provides 

new insights into extreme morphological 

responses and sediment dynamics under 

high-flow conditions. The findings include 

peak velocities of 4.83 m/s and flow depths 

exceeding 65 m, and water levels reaching 

49.92 m amsl near the Pandu station. The 

southern bank behind the hill emerged as a 

persistent high-energy zone, where 

secondary currents and localized reverse 

flows (>2 m/s) contributed to progressive 

bank retreat and deep local scour (>30 m), 

clearly exceeding sediment motion 

threshold for 0.24 mm sand, confirming that 
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the reach is highly susceptible to erosion 

during frequent flood events. 

This work advances current scientific 

understanding by integrating site-specific 

sediment calibration (Manning’s M of 

23 m¹ᐟ³/s; Engelund–Hansen total load 

formula with 0.4 scaling and 75% 

suspended load) with scenario-based 

intervention testing —an approach rarely 

applied with such spatial and hydraulic 

detail in the Brahmaputra context. Two 

mitigation strategies were evaluated under 

extreme flood conditions: (i) dredging the 

shallow charland opposite the eroding bank 

and depositing excavated sediment along 

the outer bend, and (ii) installing upstream 

flow deflectors. The dredging-disposal 

scenario approach reduced erosive flow 

patterns, while deflectors intensified reverse 

flow and erosion, underscoring the potential 

for misinformed structural interventions to 

exacerbate degradation.  

The study also fills a critical research 

gap by documenting post-2024 bed and 

bank instability —following a decade of 

morphological stability—linking it to 

possible upstream changes and highlighting 

the urgency for adaptive, system-scale river 

management. The findings advocate for 

sediment-guided flow realignment over 

hard engineering, reinforcing the necessity 

of domain-wide, process-based 

morphological modeling to inform 

sustainable and technically sound riverbank 

protection in complex alluvial 

environments. 

 

7. Recommendations 
Based on the findings of this study, a set of 

technical and management-oriented 

recommendations is proposed to mitigate 

bank erosion and morphological instability 

in the dynamic reach of the Brahmaputra 

River near Palasbari. First, dredging the 

mid-channel bar (charland) opposite the 

eroding bank and strategically placing the 

excavated material along the outer bend 

proved to be an effective intervention. This 

approach minimized secondary circulation 

and high-energy zones along the vulnerable 

bankline, thereby reducing erosion risk. It is 

recommended that such sediment-guided 

realignment strategies be prioritized over 

hard-engineering structures in similar 

settings. 

Second, structural interventions such as 

flow deflectors or groynes should not be 

implemented without extensive hydraulic 

and morphological simulation. Model 

results indicate that improper placement—

especially near or upstream of the study 

reach hill—can exacerbate reverse flow and 

erosion. Any deflector must be positioned 

with caution and should be evaluated within 

an extended domain that captures upstream 

flow conditions, sediment dynamics, and 

potential feedback mechanisms. 

Third, immediate action is needed to 

stabilize the hill toe, which is currently 

subject to deepening scour. This may 

involve the installation of a sloped scour 

apron using geobags or concrete mattresses 

to resist undermining forces. Long-term 

protection measures must integrate both 

bank stabilization and bed protection 

strategies. 

Fourth, the recent morphological 

instability observed after 2024 underscores 

the influence of upstream changes. 

Therefore, a system-scale monitoring 

program should be implemented, 

incorporating satellite-based bankline 

tracking, bathymetric surveys, and sediment 

load monitoring to assess cumulative 

impacts. 

Finally, future river training projects 

should adopt a process-based modeling 

approach like MIKE 21C to design adaptive 

and scientifically validated solutions. This 

ensures that interventions are not only 

locally effective but also system-

compatible, preserving the morphological 

and hydraulic integrity of one of the world’s 

most complex alluvial rivers. Future studies 

could also focus on evaluating the optimal 

frequency of sediment-guided interventions, 

considering the evolving morphology of the 

river reach. Moreover, comprehensive 

assessments of the economic feasibility, 

technical requirements, and long-term 

sustainability of such strategies would 
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provide valuable guidance for practical 

implementation in similar dynamic riverine 

environments. 
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