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                     Abstract 
 This present study focused on the spatiotemporal morphological dynamics and stability of channel bars of a tropical braided 

River Jaldhaka. Eleven sub-reaches, ten randomly selected individual channel bars and nine cross sections across three bars 

with the channel of Jaldhaka River were studied for the morphological characteristics and stability assessment. A set of 

channel geometry parameters (length, width, perimeters, bar area, and depth) was considered for the estimation of channel 

behaviour and several suitable braiding indices were calculated for the understanding of braiding intensity using geospatial 

datasets (1980–2023). Grain size analysis of eleven samples has been executed for the evaluation of sediment characteristics 

in bar morphology. Higher Sinuosity Index ( SI ) values in the lower sub-reaches ( SRs ) and lower  SI  near the sub-reaches of 

the Piedmont zone have been found due to changing channel gradients. The results focused on the lower Braiding Index ( BI ) 
in the SR-11 at Kurigram of Bangladesh whereas, the bars of this sub-reach are less vegetated than other sub-reaches and 

non-cohesive (higher proportion of sand and silt) banks and materials are responsible for the dynamicity of channel bars. 

B8, B9, and B10 indicated the highly dynamic but B1, B3, and B6 are more stable channel bars in terms of changing length, 

area, width, and perimeters out of ten bars over the studied period. Variability in channel gradient in the upper sub-reaches, 

changing patterns of fl uvio-hydrological confi gurations, land use, presence of vegetation, rainfall intensity, occurrences of 

fl oods, etc. are major factors of bar dynamics and stability over time. 

   Keywords     Bar morphology    ·  Jaldhaka River    ·  Braided channel    ·  Himalayan Foreland Basin (HFB)  

      Introduction 

 The nature of braided river channels reflects incessant 

channel planform shifting (Akhter et al.  2019 ;  Sarkar and 

Bera   2024 ), development of steady and unsteady chan-

nel bars and islands (Hooke and Yorke  2011 ; Ghosh et al. 

 2023c ), fast thalweg line migration (Ghosh and Bera  2022 ), 

low sinuosity, low longitudinal gradient and high width-

depth ratio (Leopold and Wolman  1957 ). Numerous param-

eters like bank-full discharge, high velocity, devastating 

fl oods, riparian vegetation, high bed shear stress, rainfall, 

and specifi c sediment yield from catchment areas control 

the dynamics of braided river planforms (Howard  1998 ; 

Germanoski and Schumm  1993 ; Egozi and Ashmore  2008 ). 

Channel bars are generally topographical higher channel 

bedforms that are formed by aggradations of river-carried 

materials such as; sand, silt, clay, pebble, gravel, boulders 

etc. (Yang and Ouchi  2012 ; Bera et al.  2022 ). Usually, the 

braided channel oscillates laterally within the channel belt 

by the spatiotemporal fl uvio-hydrological drivers (Ghosh 

et al.  2023a ,  b ,  c ,  d ,  e ).The intensity of braiding varies due 

to the signifi cant variation in channel discharge, velocity, 

sediment fl ux, etc. (Charlton  2007 ). A signifi cant drop in 

hydraulic gradient and energy of the stream makes the for-

mation of multiple channels with bars and ultimately, the 

river channel converts into braided, anastomosing, and ana-

branching channel patterns within the river corridor (Ghosh 

et al.  2023d ). Channel bed topography also depends on the 

geological setup, lithology, slope, bed particle size, and val-

ley confi nement (Mueller and Pitlick  2013 ). Occurrences 

of catastrophic fl ood events can cause channel bifurcation, 
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modifi cation of bars and islands, and formation of meander 

cutoff s (Micheli and Larsen  2011 ; Ghosh et al.  2023d ) on 

the fl ood plain. Diff erent shapes of channel bars are the most 

common feature that develops under diff erent climatic, geo-

morphic, and hydrological conditions. Generally, the chan-

nel thalweg line follows the perennial fl ow path and other 

seasonally wet fl ow paths. River channels with steady bars 

try to adjust through dynamic lateral and vertical erosion-

accretion processes and channel bar bars can be stabilized 

by the infl uence of vegetation cover, cohesiveness and fi ne 

grain size of bed material and human intervention within 

the river corridor (Leopold and Wolman  1957 ; Miall  1987 ; 

Charlton  2007 ; Ashmore  2013 ; Ghosh et al. 2024 ; Sarkar 

et al.  2023 ). 

 Different channel bars significantly dominate in the 

braided river such as unit bars and compound bars (Smith 

 1974 ). Based on their morphology, unit bars are classi-

fi ed into transverse, longitudinal, diagonal, and point bars 

(Church and Jones  1982 ), while compound bars are identi-

fi ed as lateral and lingoid bars (Robert  2003 ). Numerous 

studies have categorized bars into diff erent types like forced 

bars (controlled by physical factors), free bars (developed 

without any force), and steady and unstable bars (Zolezzi 

and Seminara  2001 ). The shape and size of bars can vary 

under the condition of high and low fl ow conditions. Mean-

while, submerged bars (known as shoals) grow up during 

low fl ow velocity conditions. Similarly, mid-channel bars 

and braid bars develop across the wider section of the river, 

whereas lateral bars expand tangentially within the channel. 

Duro et al. ( 2015 ) introduced hybrid bars that develop under 

diff erent morphodynamics instability and channel metamor-

phosis. These principal regulating factors include sediment 

and fl uid supply changes, the interaction between erodible 

banks with fl uid fl ow mechanisms (Dey and Ali  2020 ), con-

struction of hard and soft river engineering, the infl uence of 

tide and waves, and other external controls. 

 Signifi cant studies focused on the control of vegetation 

in bar stabilization, human regulation in braided rivers, the 

impact of channelization on channel morphology, large fl ood 

controls on large braided rivers etc. (Yang and Ouchi  2012 ; 

Ashmore  2013 ; Ghosh et al.  2023c ). Drainage congestion 

due to longitudinal and cross-sectional river engineering 

work regulates the growth of bars and islands and the altera-

tion of channel width and longitudinal connectivity (Miall 

 1977 ; Church and Jones  1982 ; Ashworth  1996 ; Yang and 

Ouchi  2012 ; Ashmore  2013 ; Akhter et al. 2019 ). Hence, a 

study has predicted the future channel bar growth by apply-

ing an autoregressive model (Saha et al.  2022 ). 

 Advancement of Geographic Information System (GIS) 

and remote sensing techniques become very decisive in 

comprehending the morphodynamics of channel bars 

that are globally used for river bank line extraction, river 

bar area identifi cation, active and non-perennial channel 

identifi cation, spatiotemporal variation of river accretion-

erosion area calculation etc. (Nardi and Rinaldi  2015 ). To 

study the channel morphology, diff erent types of channel 

and braiding indices (Braiding Index (BI), channel sinuos-

ity, and channel count index) have been applied mostly for 

the morphological analysis of braided streams (Egozi and 

Ashmore  2008 ). 

 The foremost part of the Himalayan frontal thrust is rec-

ognized as the Himalayan Foreland Basin. This low-lying 

Himalayan Foreland Basin is characterized by the deposition 

of quaternary (Holocene) sediments. Diff erent types of chan-

nel bars and multiple threads of channel splitting and rejoin-

ing are common overviews of Himalayan Rivers (Ghosh and 

Bera 2022; Ghosh et al.  2023a ). This area is dominated by 

north-to-southern fl owing rivers which make fertile fl ood-

plains. Himalayan-originated rivers carry huge amounts of 

sediments (bed loads and suspended loads) and accumulate 

(due to changes in channel gradient) within the Piedmont 

section of the Himalayas. Varying fl ow conditions present 

the shape of the channel bars in a distinct way. Therefore, 

during the high fl ow regime, the channel erodes maximum 

and deposits on the deeper part of the channel. Multiplicity 

in active and passive fl ow pathways forms diff erent morpho-

logical attributes and dynamic bed forms (Ashmore  2013 ). 

In the case of the alluvium river channel, signifi cant growth 

of channel bars directly and indirectly provokes channel 

shifting or avulsion during devastating fl oods (Bera et al. 

 2019 ; Chamling et al.  2022 ) and this populated river cor-

ridor faces severe geo-environmental hazards and disasters 

every recurrent year. This study has great societal signifi -

cance in the populated Ganga-Brahmaputra-Meghna River 

system, particularly in India and Bangladesh. There is a 

lack of intensive work on spatiotemporal bar dynamics in 

Transboundary Rivers like Jaldhaka. Few hypotheses have 

been framed through comprehensive literature reviews and 

after repeated fi eld observations and geospatial study, most 

hypotheses regarding the regulating factors of bar dynamics 

have been accepted. This study attempts to explore the rea-

sons for bar growth, the causes of morphological dynamics, 

and the stability of the Jaldhaka River. 

    Materials and methods 

   Study area 

 The lower part of the Jaldhaka River (a right-bank tribu-

tary of the Brahmaputra/Jamuna River) system is a part 

of the Quaternary (Holocene) sediment-laden Himalayan 

foreland plain. 260 km long transboundary river (fl owing 

through India-Bhutan-India-Bangladesh) Jaldhaka origi-

nated as River Dichu from Kupup (27° 19′ 49.92″ N/88° 50′ 
43.96″ E) (Bitang Lake or Elephant Lake) at an elevation of 
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4400 m in the south-east Sikkim (Gangtok district, Sikkim, 

India) (Fig.  1 ). The catchment area of this river falls under 

the lesser Himalayas from where the river fl ows southward 

direction following topographic gradient. In the upstream, 

the river forms a deep gorge and multiple unpaired terraces 

at both banks but after crossing the mountain front of the 

Himalayas, the channel gradient has dropped drastically, so 

that, the river becomes wider and formulate-threaded chan-

nels with bars. The braided planform of the Jaldhaka River 

carries ample amounts of pebble, cobble, boulder and sedi-

ments, particularly during monsoon and it makes various 

types of channel bars and islands within the middle to lower 

reaches. The entire basin (the area is 5792 sq.km) is elon-

gated shape and numerous tributaries are connected with 

mainstream such as Bindu Khola, Jhalong Khola, Jiti, Murti, 

Diana, Angrabhasa, Mujnai, Sutunga, Dharala, Dolong etc. 

In the Coochbehar district, this River Jaldhaka is popularly 

known as Mansai and Singimari but when it enters Bangla-

desh, it is called ‘Dharala’. In this present study, we consid-

ered the braided stretch of the Jaldhaka River and subdivided 

into diff erent sub-reaches based on the morphological homo-

geneity of the river. The present study area receives about 

3000 mm to 6000 mm annual average rainfall in the mon-

soon season (Chakraborty & Datta  2013 ). Approximately 2 

million people live in the entire basin area of River Jaldhaka 

as per Census data (Census of India  2011 ).         

    Geological and fl uvial background of the Jaldhaka 
basin 

 The tectonically sensitive Himalayan frontal province is 

highly complex because of its geological history (oro-

genic movement with thrusting, folding, faulting, etc.), 

and landscape evolution (Gansser  1964 ). This area has a 

high rate of sediment aggradations due to sudden drops 

in river channel gradient and topographic change. This 

landscape also witnesses the combined interactions of 

tectonic impression and climatic inconsistency. Addi-

tionally, the Baikunthapur Formation, Kanchenjunga 

Gneiss, Buxa Dolomite Formation, Daling Group and 

  Fig. 1       Location map of the study area.  a  Red box indicates the 

selected study area,  b  Sub-reaches (SRs) of the Jaldhaka River,  c  
Channel bars, islands, and selected sample sites of SR-2 and SR-3, 

 d  Channel bars, islands, and selected sample sites of SR-4,5,6 and 

7,   e  Channel bars, islands and selected sample sites of SR-8,9,10 and 

11  
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Gondwana Super Formation are major geological units 

that lie beneath the surface (Nakata  1972 ; Valdiya  1998 ). 

In this context, Singh et al. ( 2016 ) identifi ed the insights 

of hydro-geomorphological processes that shaped and 

deformed the landscape of the Jaldhaka River system geo-

logical setup (Fig.  2 ). The Jaldhaka basin is situated in 

the active tectonic belt of Eastern Himalaya and foreland 

area, nearly Himalayan Frontal Thrust (HFT) and Main 

Boundary Thrust (MBT). This area has diverse range of 

hydro-geomorphological units such as fl oodplains, braided 

streams, riverine depositional features, wetlands etc.         

  Fig. 2       Geological and fl uvial background of the Eastern Himalayan Foreland Basin  



975Proceedings of the Indian National Science Academy (2025) 91:971–997 

    Data used and pre-processing 

 This present study was conducted through extensive fi eld 

investigation and application of geospatial techniques. Cloud 

and shadow-free multi-spectral Landsat satellite images have 

been acquired from the United States Geological Survey 

(USGS) Earth Explorer (  http:// earth explo rer. usgs. gov/    ) and 

used for the analysis of spatiotemporal dynamics of chan-

nel bars of the Jaldhaka river over the last 43 years of time 

frame. Here, Landsat 1–3 (MSS), Landsat 7 (ETM+) and 

Landsat 8 (OLI) of the years 1980, 2000 and 2023 have been 

applied respectively (Table  1 ). Here, each of the satellite 

images (raster data) was considered for only post-monsoon 

season. All the considered satellite images were pre-pro-

cessed throughout-rectifi cation, radiometric correction and 

resampled with 30 m spatial resolution. Route Mean Square 

Error (RMSE) estimation has been done using predicted 

and observed values of satellite datasets with values of < 5 

and < 0.002 pixels for the geocoding and image registra-

tion process. Landsat image-enhancing processes were run 

through the histogram equalization algorithm of Arc GIS 

10.8. Moreover, image mosaicking and stacking were done 

in the Erdas Imagine (version 14) software. Google Earth 

images (using Google Earth Pro) have also been used for 

the recent (2023) river plan view and identifi cation of chan-

nel bed features (mainly diff erent types of channel bars and 

islands).  

    River course, bar area demarcation and reach-wise 
spatiotemporal dynamics of channel bar 

 The most common methods for delineation of water-covered 

areas and segregation of land–water area of the earth’s sur-

face are NDWI and MNDWI. Initially, McFeeters ( 1996 ) 

propounded the algorithm of NDWI which has been widely 

used for water area demarcation. Later on, Xu ( 2006 ) slightly 

modified the method for better accuracy of water body 

demarcation, thresholding, noise reduction and sensitivity 

to water as well as soil moisture. Here, NDWI and MNDWI 

have been calculated using these robustly used formulae and 

entire processes were done through the Raster calculator tool 

of the Arc GIS 10.8 software platform.

       

 Here, NDWI is the Normalized Diff erence Water Index 

and NIR means Near Infrared. In this equation, the NIR 

band has been used only for of Multispectral Scanner (MSS) 

image.

       

 So, MNDWI stands for Modifi ed Normalized Diff erence 

Water Index and SWIR is an abbreviation of Short-Wave 

Infrared bands. MNDWI has been computed for the deline-

ation of river bank lines from Landsat images (in the case 

of TM, ETM+ and OLI images). 

 Furthermore, the channel bar area has been demarcated 

from raster datasets using a manual digitization tool. Each 

channel bar of diff erent segments of the river was carefully 

identifi ed and polygon features. Diff erent morphological 

attributes such as; total channel area (including bars and 

islands), total fl ow path area (excluding bars and islands), 

channel reach length, bar area, vegetation-covered area, bar 

width, bar length, the total number of nodes, bar perimeter, 

number of fl ow paths within the river etc. have been calcu-

lated and measured using Arc GIS software. 

    Computation of river discharge datasets 

 Fluvio-hydrological parameters of rivers are very crucial for 

the study of channel morphodynamics. Hydrological datasets 

are basic requirements to understand the fl ow regime, sedi-

ment transport, channel migration, channel bar formation and 

dynamics, occurrence of fl ood etc. In this concern, the Jald-

haka is a transboundary river, so, hydrological datasets are 

not available. Here, we considered nine distinct cross-sections 

across three selected stretches of the Jaldhaka River. The 

fi rst segment is located near Mukuldanga, while the second 

 (1)NDWI =
Green − NIR

Green + NIR

 (2)MNDWI =
Green − SWIR

Green + SWIR

  Table 1       Sources of acquired datasets which are used for this study  

  Types of data    Name of data    Date    Name of sensor    Path/row    Data fi le format    Spatial 

resolution 

(in m)  

  Source of data  

  Satellite images 

(geospatial 

data)  

  LANDSAT- 1–5    14-04-1980    MSS    148/042    Tagged image fi le 

format (TIFF): 

georeferenced  

  60    USGS Earth Explorer 

(  http:// earth explo rer. 

usgs. gov/    )  
  LANDSAT- 4/5    06-05-2000    TM    148/042    30  

  LANDSAT- 8    14-02-2023    OLI    148/042    30  

  Image    Photographs    2022 & 2023    –    –    JPEG    –    Field survey  

  Image    Google earth images    2023    –    –    JPEG    –    Google Earth Pro 

software platform  

  Hydrological data    River discharge    2022    –    –    Excel fi les    –    Field survey  
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location is near Nishiganj (Fig.  3 ) and the third one is located 

at Adabari Ghat of Singimari (Jaldhaka) River (Fig.  4 ). Ten 

days of monsoon and the post-monsoon season were con-

sidered during extensive fi eld visits in 2022 and 2023. Flow 

velocity was measured using a digital current meter and cross-

section wise channel depth and width were also measured. 

Further, the cross-sectional area has been calculated from 

width and depth datasets. Wetted perimeter, fl ow top width, 

and channel slope were also measured. However, discharge 

data has been estimated by applying the area-velocity method 

using this formula.                

       
 (3)Q = A × V

 Here,  Q  represents discharge,  A  denotes a cross-sectional 

area and  V  means channel velocity. 

    Computation of channel indices 

   Braiding Index ( BI ) 

 Channel braiding can be quantifi ed through the calcula-

tion of the Braiding Index (BI). Primarily, BI was fi rst 

calculated by Brice ( 1964 ). Further, the Braiding Index 

has been calculated and modifi ed the formula by numerous 

scholars such as Rust ( 1977 ); Ashmore ( 1991 ), Friend and 

Sinha ( 1993 ), Germanoski and Schumm ( 1993 ) and Egozi 

and Ashmore ( 2008 ). Here, BI has been calculated for the 

  Fig. 3       Cross-sections wise channel profi les of selected channel bars (namely Rangamati bar near Mukuldanga and Brahmattar Sanatali char near 

Nishiganj) indicated the bed elevation in accordance with channel width (distance)  
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studied sub-reaches of River Jaldhaka using Landsat data-

sets from 1980 to 2023. 

    Total Braiding Index ( TBI ) 

 TBI is one of the important quantitative methods for 

the measurement of the intensity of braided rivers. The 

splitting and rejoining of the channel in the braid system 

indicate the nature of bar formation and its magnitude. 

Here, flow paths of wetted channels in a considered cross 

section across the river has been considered for the cal-

culation of TBI. 

    Channel Sinuosity Index ( SI ) and Total Sinuosity ( SIT ) 

 The channel sinuosity index has been calculated for eleven 

sub-reaches of the Jaldhaka River to estimate the deviation 

of channel curvature from the straight-line fl ow path. This 

  Fig. 4       Cross-sections wise channel profi les of selected channel bars (Kismat Adabari char near Adabari Ghat) indicated the bed elevation in 

accordance with channel width (distance)  
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quantitative measurement was fi rst proposed by Leopold 

and Wolman ( 1957 ). Later on, this index was modified 

by Schumm ( 1963 ), Mueller ( 1968 ) and Friend and Sinha 

( 1993 ). Total sinuosity refers to the ratio of the total length 

of an individual channel in a reach and the total length of 

that particular reach in a braided stream. 

    Plan Form Index ( PFI ) 

 The Planform Index is a metric formulated by Sharma 

( 2004 ). It is used to quantify the intensity of the braid bar 

within the braided channel. The spatiotemporal variation of 

braided stream can be measured through this index and it can 

be used for channel classifi cation and evolution of channel 

through braiding processes as well as making some infer-

ences of braid bar development and erosion. 

 In this paper, PFI has been calculated for the years 1980, 

2000 and 2023 of ten diff erent sub-reaches of Jaldhaka 

River. Sharma ( 2004 ) proposed some threshold values of 

the Planform Index in braided channels; such as the  PFI  

value of a highly braided stream should be  PFI  <  4 ,  the PFI  
value should be between 4 and 19 for a moderately braided 

stream and when the  PFI  is greater than 19 that indicates 

low braid stream. Furthermore, numerous studies considered 

this metric to quantify the braiding behavior of river chan-

nels (Akhter et al.  2019  

    Flow Geometry Index ( FGI ) 

 The Flow Geometry Index is a measurement of the hydraulic 

effi  ciency of a channel. This index stands for the relationship 

between the width and the depth of the braided channel. The 

controlling factors of FGI are the channel velocity, settling 

velocity, bank shear stress etc. 

  Fig. 5       Parameters of braiding, channel geometric and connectivity,  a  BI,  b  SI,  c  TBI and ND,  d  SIT  e  PFI  
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    Node Density ( ND ) 

 Bertoldi et al. ( 2009 ) have defi ned the Node Density of the 

braided stream for the calculation of several nodes in a unit 

of channel area. Node density is defi ned as the number of 

nodes (Fig.  5 ) per unit area of the channel, scaled with the 

belt width to obtain a dimensionless parameter (Table  2 ).           

     Sediment sample grain size analysis 

 Sediment grain size is one of the important aspects of 

studying the stability of channel bedforms (bar) dynamics. 

Braided rivers are characterized by various-sized sediments 

from source to confl uence. Channel bed material samples 

were collected by hand scoop from eleven sub-reaches of 

Jaldhaka River in the fi eld phase (during post-monsoon 

(December) season of 2023). Each sample was stored in 

an air-tight packet and labeled with sub-reach id and place. 

Initially, unusual debris is removed from the sample and 

measured each of the samples. Later on, samples were dried 

to remove the moisture from the soil. The sieve samples 

were separated into their particle size in diff erent fractions. 

The samples were sieved separately and carefully measured 

the weight of every fraction. The percentage was calculated 

for each sample after repeated sieving of the samples. In the 

grain size analysis phase, the measured sieve data has been 

tabulated by the diff erent categories of grain i.e. clay silt, 

sand, gravel, and pebbles. 

     Results 

 In this study, we investigated the spatiotemporal channel 

bar morphodynamics of the braided river Jaldhaka based on 

remotely sensed datasets and extensive fi eld investigation. 

   Reach scale morphodynamics of channel bar 

 Sub-reach ( SR ) wise morphodynamics (Fig.   6 ,  7  and 

 8 ) variables have been considered for the estimation of 

channel alteration in response to channel bar modifi ca-

tion. Here, sub-reach wise channel length ( CL ), total bar 

area ( TBA ), total vegetated area in bar ( TVA ), total chan-

nel area including and excluding bar ( TCA  ), channel fl ow 

top width ( T ), width of the channel bank to bank ( B   b  ) and 

total number of braided channels in the reach ( N )were cal-

culated for the understanding of channel bar morphody-

namics. Results showed that the total length of the SR-2, 

SR-5, and SR-9 decreased from 1980 to 2023 but SR-11 

and Sr-3 showed increased channel length over the study 

period. Therefore, the total areas of the channel bar (sub-

reaches of the upstream) such as SR-3 and SR-4 has been 

decreased from the year 2000 to 2023. On the other hand, 

downstream sub-reaches (SR-10 and SR-11) indicated the 

increasing total bar area from 1980 to 2000 and afterward, 

the area of bars has been decreased in the year 2023.                           

 In this context, the vegetation cover plays an important 

role in stabilizing the channel bar and in-stream erosion-

accretion dynamics. Here, the total area of vegetation on 

the bars have been signifi cantly varied over the 43 years. 

The results indicated that the vegetation-covered area was 

6.76  km 2  in 1980 and it reduced in 2000 (3.46  km 2 ) and 

further increased to 5.89  km 2  and similarly this type of 

the result was shown in the SR-3 in between the study 

period. The total area of the channel bar including vegeta-

tion decreased within time (12.32  km 2  in 1980, 9.30  km 2  

in 2000 and 8.25   km 2  in 2023) in these sub-reaches. 

The same decreasing trend is also followed by the SR-3. 

Consequently, there was no vegetation cover which was 

found within the channel bar for the SR-10 and SR-11 in 

the years 2000 and 2023. Furthermore, the average bar 

areas in the years 1980, 2000 and 2023 were 14.20  km 2 , 

16.35  km 2  and 14.67  km 2  respectively. 

  Table 2       Derivation of braiding indices; such as  BI ,  TBI ,  SI ,  S   IT  ,  PFI ,  FGI  and  ND    

  Indices    Equation    Acquired from    Parameters defi nition  

  BI      BI =
2
∑

Lb

Lr
     (4)    Brice  1964      L   b   is length of each channel bar; 

  L   r   represents the total length of considered reach (Fig.  5 )  

  TBI      TBI = Ac∕Tw     (5)    Bertoldi et al.  2009      Ac  is active channel across the cross section;  Tw is the total width of channel   
  SI      SI = CL∕SL     (6)    Muller1968     CL  is channel length;  SL  is straight line distance  

   S   IT       S   IT   =   L   I   /L   r   (7)    Robertson-Rintoul and 

Richards1993  

   L   l   is length of all channels in the reach;  L   r   is total length of that particular reach  

  PFI  
    
PFI =

T

B
×100

N      (8)  
  Sharma  2004      T  represents fl ow top width in m which is water surface width of the channel;  B  

denotes average width of the channel reach in m and  N  signifi es number  

  FGI      FGI =
∑

di.Xi.

W.D
× N     (9)    Sharma  2004     Average width ( W ) and depth ( D ) of the channel of each reach has been consid-

ered for the calculation of  FGI . Where,  Di  and  Xi  are the depth and distance 

of the sub-channel and  N  denotes the number of channels in the sub-reach  

  ND      ND =
Nodes

A
B2

b
     (10)    Bertoldi et al.  2009      A  is area;  B   b   is the bank-to-bank distance across the cross-section  
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  Fig. 6       Spatiotemporal morpho-dynamics of channel bars of SR-2, SR-3, SR-4 andSR-5 in 1980, 2000 and 2023  
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  Fig. 7       Spatiotemporal morphodynamics of channel bars of SR-6, SR-7, SR-8 and SR-9 in 1980, 2000, and 2023  
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 Afterward, the total channel area (including bars) was 

higher in 1980 for the case of SR-2 and SR-3 but the rest 

of the sub-reaches were found with higher channel areas in 

2000. Further, the decreased value of channel area has been 

found for these sub-reaches in 2023. However, the Channel 

area has been reduced (recorded in 2023) in the case of SR-2 

and SR-3. These results indicated that the channel narrow-

ing-widening processes are common in between Himalayan 

foothills and Himalayan foreland basins. 

    Morphological variation of selected channel bars 

 Here, ten bars were selected for the analysis of morpho-

logical variation particularly in the years 1980, 2000, and 

2023 (Fig.   9 ). Here, results indicated that the length of 

oval-shaped bar B1 (a mid-channel bar located near Hila tea 

garden) is increased gradually towards upstream within the 

studied period, i.e. the length in 1980 was 1.05 km, 1.21 km 

in 2000 and 1.53 km in 2023 but the width of this bar in 

1980 was 0.48 km which decreased in 2000 (0.35 km). Fur-

ther, it increased in the year 2023 (0.67 km), so the shape 

of this bar changed from oval to elliptical within the studied 

period. Similarly, an elongated-shaped point bar is located 

near Amguri (B2), and it shows a maximum length of 

8.28 km (in 1980) and decreased its length gradually in 2000 

(6.68 km) and 2023 (5.98 km). Here, the results signify that 

the width of this bar was 1.31 km in 1980 but it has reduced 

its width in 2000 (0.29) and further, the increased width was 

recorded in 2023 (1.51 km). Consequently, decreasing bar 

length and width of B3 (located near Bhangarhat) and B4 

(near Jore Simuli) have been observed from 1980 to 2023. 

However, a 3.45 km long (2023) irregular shaped channel 

bar is located near Mukuldanga (B5) which was 2.36 km 

and 2.05 km long in the year 2000 and 1980 respectively. 

This bar was previously transverse but presently it has trans-

formed into a complete mid-channel bar and the bar area has 

increased from 1.36  km 2  (2000) to 2.53  km 2  in 2023. The 

length and width of the B6 bar (located at Brahmattar Sana-

tali) were 3.35 km and 1.30 km (triangular shaped) in 1980 

but both length and width have decreased in the year 2000 

and further increased the value of length–width recorded in 

2023 (Table  3 ). Here, B1 and B3 are comparatively stable 

out of ten selected bars. On the other hand, areas of B2, B5, 

B6, B7, and B9 follow the increasing trend of bar area and 

similarly, B4 and B8 are decreasing in terms of bar area 

within the study period.                               

  Fig. 8       Spatiotemporal morpho-dynamics of channel bars of SR-10 and SR-11 in 1980, 2000 and 2023  
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    Determination of channel patterns and intensity 
of braiding 

 Sub-reach-wise channel and braiding indices were calculated 

by the spatiotemporal datasets. Here,  SI  (Sinuosity Index) 

and  S   IT   (Total Sinuosity) have been computed to understand 

the channel pattern of sub-reaches of this river. The highest 

sinuosity value was noticed at SR-10 (1.32) in 1980 and the 

lowest sinuosity measured at SR-3 and SR-4. Similarly, the 

highest SI value was noticed at SR-11 in 2000 (1.40) and 

2023 (1.36) but the lowest SI value was recorded at SR-3 

and SR-7 (1.02). SI value ranges from 1.01 to 1.40 within the 

considering study period of 1980–2023 (43 years). 

 On the other hand, the results of  S   IT   values are varied 

from  SI  because here, the entire wetted active channels 

were considered. The results showed that the highest  S   IT   
values shown during the study period in the case of SR-3 

(2.31 in 1980, 2.21 in 2000 and 2.09 in 2023) which means 

the SR-3 was more sinuous among other sub-reaches of 

river Jaldhaka. Although, SR-1, was not considered during 

the calculation of  S IT . 

 Braiding Index ( BI ) and Total Braiding Index ( TBI ) 
have been computed for the ten sub-reaches (SR-2 to 

Sr-11) of the Jaldhaka River. Previously, Sarkar and Bera 

( 2024 ) calculated the  BI  of this river for the estimation of 

braiding intensity. Here, the  BI  value varied between 2.06 

and 3.55 over the entire study period. The highest  BI  value 

(3.55 in 1980, 3.15, and 3.53 in 2023) has been observed 

in the case of SR-2. 

 Similarly, the results of  TBI  value vary based on the 

splitting and rejoining of the active and inactive channels 

within the corridor of the braided river. Minimal braiding 

represents low  TBI  and a higher  TBI  value indicates the 

higher intensity of channel braiding. Here, the  TBI  value 

ranges from 0.82 (SR-10) to 1.64 (SR-4) in 1980, 0.90 

(SR-6) to 2.34 (SR-4) in 2000, and 0.91(SR-6) to 3.13 

(SR-5) in 2020 (Table  5 ).  

 Plan Form Index ( PFI ) indicates the insights of 

the channel geometry of braided or meandering channels. 

Here,  PFI  has been optimized for the years 1980, 2000, 

and 2023 within ten sub-reaches.  PFI  helps to classify the 

channel behaviour whereas, lower  PFI  denotes a highly 

braided channel and higher  PFI  represents the lower 

braided to the meandering channel. However, a higher  PFI  
value was found at SR-5 (30.91), and a lower value was 

observed at SR-3 (12.50) among ten sub-reaches of the 

Jaldhaka River. Similarly, the SR-8 and SR-3 showed the 

highest and lowest  PFI  values in 2000 and SR-6 (31.78) 

and SR-2 (10.23) also illustrated the highest and lowest 

value of  PFI  in 2023. 

 Reach-wise Flow Geometry Index ( FGI ) has been opti-

mized for the ten reaches of the Jaldhaka River. It can be 

fi gured out from the results that, the  FGI  value is drastically 

increased at SR-2 within the study period. On the other side, 

the SR-3 shows a decreased  FGI  (8.96 in 1980) value in 

2000 (5.91) and a further increased value in 2023 (13.27). 

Moreover, the SR-3 and SR-4 showed a similar decreasing-

increasing trend from 1980 to 2023. SR-5, SR-8, SR-9, 

and SR-10 demonstrated similar increasing trends to  SR-2 

and SR-6, SR-7, and SR-11 have followed the increas-

ing–decreasing trend of FGI within 43 years. 

 Finally, Node Density ( ND ) has been calculated to under-

stand the relationship of channel fl ow path edges and bifur-

cation points in the braided channel. The highest ND value 

has been found at the SR-4 in the years 1980 (5.40), 2000 

(4.90), and SR-2 (5.25) in 2023. The ND value varies based 

on the active and inactive fl ow paths of the channel over 

time. 

    Variation in fl uvio-hydrological parameters 

 The spatiotemporal changes of channel bar morphological 

parameters such as bar length, width, height, perimeter, area 

etc. can be varied with the fl uvio-hydrological control and 

human intervention in the channel corridor. Here, cross-sec-

tion average discharge has been computed based on the fi eld 

datasets for post-monsoonal months (November–Decem-

ber) of 2022 and monsoonal months (July–August) of 2023 

(Tables  6 ,  7 ). Nine cross-sections have been studied across 

three randomly selected bars with active and non-active 

channels of the Jaldhaka River. The result shows the varia-

tion in fl uvio-hydrological parameters (water level, average 

velocity, fl ow top width, wetted perimeter, cross-sectional 

area, average channel depth, channel discharge, and slope) 

in recent years (2022 and 2023). Table  6  shows post-mon-

soonal variation of discharge (ranges between 267.28 to 

3.44.25  m 3 /s) whereas, the cross-sections a–a′, b–b′, and c–c′ 
(which are located across the Rangamati bar near Mukul-

danga village) have the highest average width-depth ratio 

(W/D) (1672.10) in the post-monsoonal months of 2022. 

The fl ow top width was higher across the cross sections of 

g–g′ (609 m), h–h′ (633.25 m), and i–i′ (608.30 m) and the 

wetted perimeter is higher across these three cross-sections 

(Table  6 ).    

 On the other hand, it is observed from the results that, 

the higher discharge recorded across the cross sections g–g′, 
h–h′, and i–i′ of the bar (Kismat Adabari char) located at 

Adabari Ghat of Singimari (Jaldhaka/Mansai) River in the 

monsoon season of 2023. 1923.38  m 3 /s, 2126.51  m 3 /s and 

2190.40  m 3 /s discharge was found across the cross sections 

of d–d′, e–e′ and f–f′ (across the bar Brahmattar Sanatali) 

accordingly (Table  7 ). In monsoonal months higher average 

width-depth ratio (770.14) was observed across the cross 

sections of a–a′, b–b′, and c–c′. 
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    Variation and distribution of sediment grain size 

 Grain size has been estimated and analyzed for the eleven 

samples of the Jaldhaka River. Those samples were col-

lected from the river bed of each sub-reach. The grain 

size of the channel bed varies with channel gradient, fl ow 

velocity, discharge and sediment supply. The results indi-

cated signifi cant changes in grain size (%) in the Jald-

haka river bed materials (Fig.  12 b). The sample S-1 (from 

sub-reach 1 that falls under the lesser Himalayan region) 

reveals 30.20% cobble, 25.30 very coarse to fi ne pebble 

and gravel, 32.30 granule materials and 12.20 of coarse to 

fi ne sand with the absence of silt and clay. Samples S-2 

and S-3 (collected from the Piedmont region) contain the 

cobble, very coarse to fi ne pebbles, granules, and coarse 

sand. Samples S-4, S-5, and S-6 contain small amounts 

of clay, silt, and a large amount of fi ne to coarse-grained 

sand, granule, and gravel materials. On the other hand, the 

fi ner-grained material concentration is higher in the case 

of the samples S-7, S-8, S-9, S-10, and S-11 collected 

from the downstream sub-reaches of the River Jaldhaka 

(Table  8 ). Here, grain size volume in percentage value is 

plotted against each of the samples (Fig.  12 a).           

 Descriptive statistics have been calculated to understand 

the nature of grain size datasets (Table  9 ). Results showed 

that samples of the lower sub-reaches contain moderately 

sorted bed material but out of 11 samples, sample 3 is poorly 

sorted (Fig.  12 b).  

     Discussions 

 Channel morpho-dynamics are controlled by natural geo-

morphic processes, climatic conditions, fl ow regime, sedi-

ment transportation, deposition, and human interference 

(mainly pattern of land use (Saha et al.  2022 ). Diff erent 

morpho-dynamic variables are responsible for the spati-

otemporal alterations of channel bars in the Jaldhaka River 

which fl ows through the Eastern Himalayan Foreland Basin 

(EHFB) area. This present study considers the sub-reaches 

of transboundary River Jaldhaka under the fl owing part of 

India (Kalimpong, Jalpaiguri, and Coochbehar district of 

West Bengal) and Bangladesh (Lalmonirhat and Kurigram 

district) up to its confl uence with Jamuna (Brahmaputra) 

River. The channel bars of the Jaldhaka River have been con-

tinuously modifi ed through the in-stream erosion-accretion 

dynamics. 

   Channel braiding nature in the Jaldhaka River 

 The Jaldhaka River planform is mainly braided in nature and 

the average sinuosity value is low (Sarkar and Bera  2024 ) 

(varies between 1.01 and 1.32 in 1980, 1.02 to 1.40 in 2000 

and 1.02 to 1.36 in 2023 among all considering sub-reaches) 

which indicated less sinuous (closer to straight) channel fl ow 

path. The Jaldhaka River has a straight to sinuous channel in 

the upper sub-reach in Sikkim and Bhutan, but it has formed 

moderate to higher braided planform after entering West 

Bengal. Interestingly, the lower sub-reaches such as SR-10 

(located near Chhinaihat) and SR-11 (near Kurigram) have 

comparatively higher SI values than the upper sub-reaches 

(SR-3and SR-4). The higher SI value indicated that the chan-

nel has been experiencing a low channel gradient with lower 

channel energy and minimal sediment deposition. Channel 

dynamics have been observed after 1980 in the lower sub-

reaches (in between Mathabhanga and Bagua Anantapur) 

due to signifi cant variation of channel discharge in monsoon 

and post-monsoonal months, engagements of a large num-

ber of tributaries from both sides of Jaldhaka, thalweg line 

shifting, relaxation of channel energy with the formation of 

meander scars and cut-off s and huge anthropogenic modifi -

cations (rapid growing settlements and changes in land use 

in the Kurigram district (Sarkar et al.  2021 ) etc. The Qua-

ternary non-cohesive bank materials, active channel oscilla-

tion by shifting (leads to erosion-accretion) (Sarkar and Bera 

 2022 ) of thalweg and aggradation of sediments are responsi-

ble for braided morphology of the Jaldhaka River. The shape 

of the channel bar varies with changing bar length, width, 

perimeter, and area within the study period. The average 

channel area in 1980 was moderate compared with 2000 

because of a massive frequent fl ood event that occurred in 

this area in 1996 (maximum water level was 0.42 m above 

  Fig. 9       Changes of morphological attributes of ten selected chan-

nel bars located (B1-near Hila tea garden; B2-near Amguri; B3-near 

Bhangarhat; B4-near Jore Simuli; B5-near Mukuldanga; B6-at Brah-

mattar Sanatali near Nishiganj; B7-near Adabari Ghat of Singimari 

River; B8-near Kulaghat; B9-near Holokhana; B10-near Kurigram) in 

the Jaldhaka River. It has been observed that this bar is turned into a 

mid-channel bar from a point bar and shape has also been changed 

from oval to elliptical within the studied period. Results showed that 

the length of the B7 bar has been gradually reduced during the stud-

ied period and width (the width of this bar was 0.86 km. in 1980) also 

decreased in 2000 (0.43 km). Moreover, the width has been increased 

in 2023 (0.92 km). In the case of B8 bar (located near Kulaghat), the 

results indicated that the length was 3.36 km in 1980 and the width 

was 2.06  km and the area was 4.31  km 2  but in 2000, the bar area 

(7.81  km 2 ), length (5.73 km), width (3.25 km) perimeter (15.75 km) 

were drastically increased with irregular shapes (Table  4 ; Figs.  10  and 

 11 ). An increasing trend in bar area has been noticed for B9 which 

has turned from a crescent-shaped mid-channel bar (1980) to an elon-

gated sidebar (2023) within the studied timeframe. Lastly, the bar 

B10 was 3.3 km long in 1980 but gradually it extended its length in 

2000 (4.98  km) and 2023 (5.98  km) towards downstream while the 

area of this bar also increased over time  

◂
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danger level), 1998 (0.35 m above danger level) and 2000 

(0.10 m above danger level) as per the annual fl ood report of 

1996 to 2000.The SR-2 and SR-3 experienced a sudden drop 

in channel gradient (10.32 m/km in between Nagrakata Tea 

Garden and Tandu village) with multiple irregularly shaped 

mid-channel bars and point bars which are located exactly 

south of the southernmost extent of the Himalayan Mountain 

front (Himalayan Frontal Thrust). The middle reach of the 

Jaldhaka has also experienced frequent fl ood occurrences 

which have led to the modifi cation of the fl oodplain as well 

as channel bars. However, recent research on channel braid-

ing forecast through ARIMA modeling revealed that the 

middle reach of the Jaldhaka River is more prone to braiding 

compared to other reaches (Saha et al.  2022 ). 

 The wider channel path with a higher number of chan-

nel nodes and bifurcation has been noticed in the middle 

sub reaches of the Jaldhaka River in the case of SR-4, 5, 

and 6 (areas located from Ramsai to Mukuldanga section of 

the Jaldhaka River) which are shown higher BI value from 

1980 to 2023. Contrarily, the geomorphological setting of 

  Fig. 10       Diversity in shape of channel bar along the diff erent sub-reaches of braided River Jaldhaka  
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the middle sub-reaches of the Jaldhaka basin are comprised 

of the mid-altitude proximal fan, Quaternary fl oodplain and 

younger alluvium which is dominating causes of frequent 

alteration of channel bars. SR-2 and 3 (located at the Pied-

mont section i.e. Nagrakata, Sulkapara, Khairbari, Tandu, 

Bamandanga region of Jalpaiguri) indicated the higher 

braiding intensity in terms of low PFI value over the study 

period (Sarkar and Bera  2024 ). Excessive river bank erosion, 

formation of spill channels, local meandering channels, and 

non-cohesive bank materials of the Jaldhaka river basin are 

responsible for the bar alteration in the middle and lower 

reaches. On the other hand, huge sediment loads deposition 

in-stream shallow pool-riffl  e sequence, presence of vegeta-

tion or any obstacles to dropping the sediment led to the 

development of a channel bar in the Jaldhaka River. 

  Fig. 11       Dynamicity in channel 

bar morphological parameters; 

 a  Variation in channel bar area 

in 1980, 2000, and 2023,  b  
Changing channel bar width 

and length,  c  Spatio-temporal 

changes of channel bar perim-

eter in 1980, 2000, and 2023  
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  Table 5       Variations of channel 

and braiding indices over the 

study time frame (1980 to 2023)  

  Year    Sub-reach     BI      TBI      SI      SIT      PFI      FGI      ND   

  1980    SR-1    –    –    1.14    –    –    –    –  

    SR-2    3.55    1.42    1.07    2.12    10.87    6.49    2.85  

    SR-3    2.49    1.54    1.01    2.31    12.50    8.96    2.00  

    SR-4    2.40    1.64    1.01    1.94    19.70    5.98    3.93  

    SR-5    2.52    0.91    1.06    2.10    30.91    4.42    5.39  

    SR-6    2.10    1.65    1.31    2.03    28.51    3.78    5.40  

    SR-7    2.22    1.05    1.04    1.39    21.05    5.86    3.25  

    SR-8    2.85    1.74    1.06    1.80    19.57    3.69    2.97  

    SR-9    3.02    0.98    1.05    1.42    20.59    5.85    2.41  

    SR-10    2.18    0.82    1.32    1.97    17.21    3.23    2.07  

    SR-11    2.09    0.95    1.17    1.19    24.29    3.52    1.42  

  2000    SR-1    –      1.15    –    –    –    –  

    SR-2    3.15    2.27    1.08    2.07    12.88    11.56    3.71  

    SR-3    2.42    1.39    1.02    2.21    12.04    5.91    3.21  

    SR-4    2.45    2.34    1.03    1.93    26.49    5.94    3.36  

    SR-5    2.15    2.11    1.03    1.92    17.09    9.22    3.24  

    SR-6    2.22    0.90    1.27    1.74    16.67    6.98    4.90  

    SR-7    2.30    1.09    1.02    1.33    18.84    7.55    2.28  

    SR-8    2.74    1.22    1.04    1.83    31.10    5.17    1.58  

    SR-9    3.00    1.96    1.11    1.71    20.26    6.73    1.23  

    SR-10    2.15    1.05    1.25    1.79    16.07    6.71    1.66  

    SR-11    2.06    1.23    1.40    1.13    23.46    8.34    1.03  

  2023    SR-1    –      1.15    –    –    –    –  

    SR-2    3.53    1.82    1.07    2.00    10.23    14.86    5.25  

    SR-3    2.72    1.12    1.04    2.09    11.52    13.27    1.89  

    SR-4    2.30    2.67    1.03    1.93    13.78    9.80    2.87  

    SR-5    2.55    3.13    1.02    2.01    11.37    9.88    4.73  

    SR-6    2.20    0.93    1.33    1.70    31.78    4.74    3.50  

    SR-7    2.14    1.04    1.03    1.29    20.14    6.96    2.61  

    SR-8    2.91    1.22    1.05    1.73    17.07    8.45    2.10  

    SR-9    3.16    1.19    1.05    1.73    28.57    6.81    1.36  

    SR-10    2.46    1.11    1.25    1.77    20.37    7.79    2.04  

    SR-11    2.10    1.33    1.36    1.12    28.67    6.37    1.07  
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  Fig. 12       Grain size analysis of eleven samples of channel bar in the Jaldhaka River  a  Samples grain size volume in percentage (%),  b  Grain size 

distribution curve,  c  and  d  Photographs were taken during grain size analysis in the laboratory  

  Table 8       Volume (%) of grain 

size of bed materials in Jaldhaka 

River under collected samples 

(eleven samples)  

  Channel sub-reach    Sample    Cobble    Very coarse to 

fi ne pebble/gravel  

  Granule    Coarse to 

fi ne sand  

  Silt    Clay  

  SR-1    S-1    30.20    25.30    32.30    12.20    0.00    0.00  

  SR-2    S-2    22.05    40.36    17.79    19.80    0.00    0.00  

  SR-3    S-3    16.30    38.60    17.46    24.36    3.28    0.00  

  SR-4    S-4    17.21    28.60    12.42    34.74    4.31    2.72  

  SR-5    S-5    3.25    9.30    5.50    49.60    25.90    6.45  

  SR-6    S-6    5.16    6.72    7.40    51.43    19.58    9.71  

  SR-7    S-7    0.00    1.20    5.04    56.46    25.80    11.50  

  SR-8    S-8    0.50    2.40    1.20    49.20    39.32    7.38  

  SR-9    S-9    0.00    1.20    7.01    62.36    21.10    8.33  

  SR-10    S-10    0.00    0.50    2.61    64.15    27.42    5.32  

  SR-11    S-11    0.00    0.20    0.31    63.36    24.68    11.45  
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    Relationships between fl uvio-hydrological 
parameters and channel braiding 

 Variability of water depth, channel velocity, channel slope, 

wetted perimeter, fl ow top width, channel width, channel 

discharge etc. have been responsible factors that make com-

plex braiding environment in the Himalayan-origin alluvial 

transboundary River Jaldhaka within the foreland basin area 

(Ghosh et al.  2022 ). However, the distinct pattern of fl uvio-

hydrological parameters in post-monsoon and monsoon 

(Fig.  13 ) has remarkably diff erent which can cause seasonal 

alteration of the channel bar in the Jaldhaka River. Fre-

quency, magnitude, seasonality, duration, sediment supply 

etc. have been strongly related to the spatiotemporal dynam-

ics of morphological attributes (bar length, width, perimeter 

area) of the channel bar in Jaldhaka River.         

    Controlling factors of spatiotemporal channel 
bar morpho-dynamics and its consequences 

 Long-term changes of channel bar in diff erent reaches 

of the Jaldhaka have been assessed but the main causes 

of alteration vary in diff erent reaches. The tectonically 

active  the Himalayan region is characterized by several 

active faults and thrust. The upper reaches of the Jaldhaka 

are dominated by many uplifted tectonic unpaired river 

terraces and the channel is more confi ned than the lower 

reaches. However, the river systems infl uenced by active 

tectonics (Gansser  1964 ; Goswami et al.  2012 ) make dif-

ferent types of channel confi gurations in this region. Addi-

tionally, the river Jaldhaka is tremendously altered from 

a narrow deep-valley like planform to a complete braided 

avulsive channel towards the downstream direction beyond 

the Himalayan Frontal Thrust (southernmost extent of 

Nagrakata and Thaljhora scarp). Previous research has 

also revealed the tectonic and climatic control on the fl u-

vial system of the Piedmont section of Eastern Himalaya. 

Active tectonic imprints like thrust, fault, and lineaments 

trigger the dynamicity (lateral migration of channel) in the 

channel belt that infl uences in sedimentation processes of 

the channel. 

 Lastly, human interference like changing land use pat-

terns, intensive agriculture practices (in point bar near 

Bhangarhat, Kasheti, Sarhati), the establishment of human 

settlements (in the bar near Dobbari village, Rangamati 

near Mukuldanga, bar near Gitaldaha, Dakshin Singimari 

and Holokhana), channel bed sand mining (near Ghok-

sadanga) and diff erent longitudinal, cross-sectional engi-

neering works along and across the river are the principal 

causes of spatiotemporal alteration of channel bar. Various 

researchers highlighted that sand and gravel mining are 

also causes of channel bed alteration and thalweg shifting 

in the Himalayan foreland plain area. However, previous 

research focused on the fast-changing landscape of the 

Himalayan Foreland Basin area is experienced by large-

scale deforestation and sediment yield (Chamling et al. 

 2021 ; Ghosh et al.  2022 ). 

    Role of sediments grain size in bar dynamics 

 High altitudinal mountainous region is the storehouse of 

sediments which tends to drop as river carried load with 

the alteration of channel gradient. Excessive rainfall accel-

erates sediment yield and settling velocity intricates the 

accumulation of sediments in the channel bed. Diff erent 

shape of channel bars varies in case of diff erent ranges of 

channel velocity and discharge. Additionally, varying sedi-

ment grain size plays a signifi cant role in sediment sorting, 

fl ow resistance, bar stability, and morphology (shapes) 

(Fig.  10 ). However, the channel bifurcation occurs in the 

foothill section and dropped debris (with a larger diam-

eter) which makes the channel bar (generally boulder or 

gravel bars). So, multiple-shaped rivers carried materials 

are responsible for the bar dynamics of the Jaldhaka River. 

Large boulder, gravel, pebble to coarser-grained channel 

bed materials dominate in the sub-reaches near the Pied-

mont section. Similarly coarser to fi ner-grained sand to 

silt materials is dominant in the channel bar of middle 

  Table 9       Descriptive statistics of 

sediment grain size distribution 

of river bed (eleven samples) of 

the Jaldhaka  

  Descriptive statistics    S-1    S-2    S-3    S-4    S-5    S-6    S-7    S-8    S-9    S-10    S-11  

  Mean    0.867    0.945    1.329    1.079    0.952    0.834    0.802    0.711    1.316    0.564    1.086  

  Standard error    0.165    0.213    0.184    0.202    0.156    0.187    0.182    0.174    0.185    0.145    0.189  

  Standard deviation    1.641    2.119    1.828    2.006    1.518    1.862    1.813    1.734    1.836    1.446    1.879  

  Sample variance    2.691    4.490    3.342    4.026    2.305    3.468    3.285    3.008    3.372    2.090    3.532  

  Kurtosis    4.638    3.191    -0.558    2.164    5.520    3.193    4.758    6.436    0.486    6.987    0.663  

  Skewness    2.263    2.180    1.027    1.896    2.461    2.142    2.433    2.721    1.327    2.750    1.508  

  Range    7.000    7.000    5.200    7.000    6.500    6.500    7.000    7.010    6.000    7.000    5.700  

  Minimum    0.000    0.000    0.000    0.000    0.000    0.000    0.000    0.000    0.000    0.000    0.000  

  Maximum    7.000    7.000    5.200    7.000    6.500    6.500    7.000    7.010    6.000    7.000    5.700  
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sub-reaches but lower most sub-reaches are dominated 

by the silt and clay materials. The fl oodplain of middle 

sub-reaches near Dhupguri to Mathabhanga segments is 

composed of non-cohesive (unconsolidated) materials so 

the river sub-reaches are prone to frequent channel shift-

ing and bar modifi cation. Rapid shifting of active channels 

through erosion and accretion infl uences the shape, size 

and types of channel bar. 

     Conclusion 

 The present study has been assessed through a detailed 

spatiotemporal dynamics of channel bars with the help of 

geospatial datasets of the last 43 years (1980–2023) and 

fi eld datasets of recent years (2022–2023) in the Jaldhaka 

river system. Several channel indices have been calculated 

to quantify the channel dynamics and braiding intensity 

in the braided sub-reaches of the Jaldhaka River. Results 

show the lower sub-reaches (Mathabhanga to Bagua Anan-

tapur segment) of the Jaldhaka are more dynamic than other 

upper sub-reaches but braid bars of Jaldhaka in the middle 

sub-reaches are most dynamic within the channel belt over 

the study timeframe. Based on the results section it can be 

concluded that the dynamic Himalayan Rivers carry ample 

amount of water, sediments and drop below the Piedmont 

section which makes higher braiding intensity. The chan-

nel bifurcation mostly occurred in this region and multiple 

fl ow paths make diff erent shaped channel bars. Here, SR-3 

and SR-4 indicated higher BI, low PFI and low SI values 

which means the channel braiding possibly happens due 

to changing gradient (Ghosh et al.  2023e ; Sarkar and Bera 

 2024 ). The loss of vegetation cover makes the channel bar 

more dynamic in the lower reaches of the Jaldhaka with 

time. This present study identifi es the variability in river 

discharge during monsoon and post-monsoon. The braiding 

of the Jaldhaka River incorporated the frequent alteration of 

the channel bar within the channel belt which indicates the 

channel belt is partially confi ned. Changes in sub-reaches 

highlight the control of local factors that alter the channel 

bar within the study period of 1980 to 2023. Planimetric 

and geometric assessments of channel and bar dynamics are 

very crucial to know for any kind of construction work in 

the river corridor. So, this paper gives some insights into 

the causes and consequences of channel bar dynamics to 

get some knowledge about it. However, proper channel belt 

management can minimize the negative consequences of 

frequent channel bar dynamism in the Jaldhaka River. 
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