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Spatial modeling of river bank shifting and associated LULC changes of the 29 

Kaljani River in Himalayan foothills  30 

Abstract 31 

Channel dynamics is an inherent characteristic of the river in the floodplain region. The river bankline 32 

shifting and associate land use land cover (LULC) change is not only geomorphological but also an 33 

environmentally vital hazardous issue. It is a significant impact on the ecosystem and human life. GIS-34 

based, DSAS and CA-Markov models are efficient to accurately measure historical and 35 

predictionevaluation of the relation between channel shifting and LULC change. In this study, forty-eight 36 

years (1972-2020) of earth observatory data have been used to demarcate the channel bank position and 37 

LULC change detection along the Kaljani River at the eastern Himalayan foothill. During 1998-2008, 38 

very high erosion rate on both bankline, which are about -4.48 m/y and -3.48 m/y at the left and right, 39 

respectively compared the others time frame. The overall result of the predicted bankline represents that 40 

the bulky expansion will occur along the left bank and sediment accretion will take place at the right 41 

bank. Among the three zones, both banks of zone ‘A’ (lower part of the river) is the worst affected part in 42 

the past, present, and future time. The LULC change of all six classes from 1972 to 1998 was very high 43 

when compared with the change between 1998 and 2020. Moreover, the long profile, hypsometric curve 44 

value, and the Soil Conservation Service Curve Number (SCS-CN) value have been a significant help in 45 

understanding and identification of consequences reasons. The level of accuracy is validated by the 46 

observed bankline positions (2020) with predicted bankline (2020) and observed LULC (2020) to 47 

predicted LULC (2020) empirically with RMSE and statistical test. Therefore, the output of the prediction 48 

not only serves as the spatial guidelines for monitoring future trends of channel shifting and land use 49 

planning management.  50 

 51 

Keywords: erosion, accretion, DSAS model, CA-Markov model, channel shifting, SCS-CN. 52 

 53 

 54 

1. Introduction 55 

Systematic assessments onriver bank erosion-accretion and its positionare very complex and difficult 56 

tasks in the field of geomorphology (Lawler 1993). The morphological position changes of the river 57 

channel, especially its lateral migration, erosion-accretion and bank instability aremost important research 58 

themes in geomorphology as well as engineering platforms now a days (Langat et al., 2019; Suhaimi et 59 

al., 2018; Langat et al., 2019). A large part of the fluvial studies has been a focus on the dynamicity of 60 

river system overtime (Petts, 1995). Butpositional changes of channel geometry along with its discharge 61 

flow, erosion-accretion and channel migration of the river (Abbe and Montgomery, 2003; Kleinhans, 62 



2010; Gurnell et al., 2012) were overlooked due to the paucity of data integration systematically. 63 

Similarly, the hydrodynamic behavior of channel flow and sedimentation nature are resultant imprints of 64 

the riverbank erosion-accretion process (Ashraf & Shakir, 2018; Yu et al., 2018; Moradi et al., 2018; 65 

Langat et al., 2019). The effect of extreme bank erosion contributes almost 90 percent of sediment loads 66 

in the tropical rivers (Steel & Milliken, 2013). Although, bank erosion-accretion depends on various 67 

factors such as ground slope, river discharge, drainage basin area, geo-tectonically built activities, 68 

flooding, bank structure, topography, soil properties, the density of vegetation and climatic exigencies etc. 69 

but discharge fluctuation is considered as most significant controlling factor (Hooke, 1979). On the other 70 

hand, natural and anthropogenic activities are one of the main causes which govern the amount and the 71 

rate of river erosion-accretion mechanism (Suizu& Nanson, 2018). Alluvial river basin area on the 72 

foothill trackis characterizedby bank erosion and it occurs numerous problems (Ercan and Younis 2009). 73 

Similarly, river bank raises different significant economic and environmental problems such as loss of 74 

infrastructure and agricultural land due to rampant bank erosion (Ashraf & Shakir, 2018) which creates 75 

great threat to local people. The vast dimension of floodplain areas is one of the most attractive land 76 

resources for human society but worldwide these plains are facing land degradation by riverbank erosion 77 

and huge land use alteration (Hazarika et al., 2015; Debnath et al., 2017).The channel erosion-accretion 78 

process changes LULC of the bank adjacentvillage areawhich causes disastrous exposure to the local 79 

people (Thakur et al., 2012). Thus, dynamicity of the channel with changing LULC practicesnow 80 

becomes one of the challengestothe decision-makers and engineers for their policy-making, floods 81 

controls, embankment constriction purposes (Debnath et al., 2017).The delineation of vulnerable zones is 82 

a critical task for planning and management of land resources, and its efficient mapping can able to 83 

develop of early warning systems (Eastaugh and Hasenauer, 2014). 84 

For the geomorphic assessment of bank’s features like measuring, mapping, representing and monitoring; 85 

capable and effective tools and techniques are very important. At present, earth observatory techniques 86 

like remote sensing (RS) and geographic information systems (GIS) have performed an enormous role for 87 

change detection and mapping in river systems including buffer zone dynamics at a different strategic 88 

scale (Wang and Mei, 2016; Wang and Xu, 2018). RS and GIS platform with field verification can 89 

accurately and quickly map and investigate the river morphological changes (Rinaldi et al., 2013, Langat 90 

et al., 2018). The riverbank erosion-accretion and LULC change on behalf of channel morpho-position 91 

changes; this present study tries to relate both changes using the modern geospatial tools and techniques 92 

(Debnath et al., 2017; Lawler, 1993,Jana, 2019)  and LULC changes (Ahmed, 2012; Mondal et al., 2016; 93 

Maviza and Ahmed, 2020), their future prediction (Miall et al., 2018; Mansour et al., 2019;Nurwanda and 94 

Honjo, 2019) based on the hydro-geo-morphic data on the multi-temporal scale (long, intermediate, and 95 

short-term). In GIS based spatial analysis attributes both linear (here river bank) and aerial (here 96 



floodplain area) segments of the study area have been considered for assessing the temporal trends. 97 

Therefore, the digital shoreline analysis system (DSAS) is a highly acceptable method, developed by the 98 

United States Geological Survey (USGS),capable to accurately measure the rate and predication of 99 

different river bank line positions (Right and left bank separately) (Thieler et al. 2009; Kankara et al. 100 

2015; Ashraf andShakir, 2018; Jana, 2019). Generally, the DSAS model has been used in the context of 101 

the sea shoreline. However, in the study of the river, the right and the left bank can be separately mapped 102 

with a higher degree of accuracy. The CA-Markov model has an ability to the prediction of LULC 103 

changes and it can delineate the LULC change pattern (Xiao et al. 2012; Hamad et al. 2018; Mansour et 104 

al. 2019; Nath et al. 2020; Wang et al. 2020; Du et al. 2020). 105 

The study area is situated on the scismo-tectonically unstable foothill terrain of Bhutan Himalaya, has 106 

produced array of magnificent landscapes both physical & cultural involving multiple cycles of fluvial 107 

erosions (Chakrabarti Goswami et al., 2013). This work has been developed for the determination of the 108 

historical bank line, calculation erosion-deposition, and LULC change by the graphical and mathematical 109 

methods with the field verification. The efforts to measure erosion-accretion and LULC change of Kaljani 110 

River adjacent village area is completely absent, it makes this study as exceptional. According to annual 111 

flood report the Kaljani River area is geomorphologically active for its erosion-accretion nature (West 112 

Bengal annual flood report, 2013; 2014; 2016). Therefore, this work is not only an attempt to measure the 113 

erosion-accretion and LULC change over four decades but it predicts future trends for the year 2025, 114 

2035, and 2045. Thus, channel and LULC change management is necessary for the sustainable use of 115 

land resources, protection of people’s property, and lives (Thakur et al. 2012 and Debnath et al. 2017).  116 

2. Study area 117 

The Kaljani River is a tributary of Torsha River, originated in Bhutan at the foothills of the Himalayas 118 

and it flows from north to south via Bhutan and India and confluences with Torsha River that again joins 119 

in the mighty Brahmaputra River and eventually merges with Padma River to reach the Bay of Bengal. 120 

The Kaljani River has negotiated the undulating Bhutan Himalaya terrain with the alluvial fans and the 121 

Terai plain downstream thus covers both the ‘Bhabar’ and the continuous plains of ‘Terai’ downhill. The 122 

major tributaries of Kaljani River are Dima, Nonai, etc.  123 

The Kaljani River is situated in the Eastern and North-Eastern part of Alipurduar and Cooch Behar 124 

district in West Bengal. The region extends from 26°43'08" N to 26°16'30" N latitude and 89°25'17" E to 125 

89°34'56" E longitude. The length of the river within the study area is 80.5 km. The authors have 126 

identified 45 mouzas (smallest administrative unit for revenue collection)along the Kaljani River buffer 127 

zone(adjacent village areas) for this research work. These adjacent village areas have maximum stretch of 128 

5.88 km and minimum of 1.64 km from the channel thalweg. For the simplification of the study the 129 



adjacent village area is divided into three zones, namely (A) Deocharai to Ambari stretch, (B) Ambari to 130 

Dakshin Paitkaparastretch, and (C) Dakshin Paitkapara to GabaurBachhra forest stretch spacing around 131 

26.8 km (Fig. 1). 132 

Fig. 1: Location map of the study area (A) India, (B) Eastern Himalayan foothill, (C) Kaljani River Basin with 

altitude, and (D) Kaljani River Buffer Mouza. 

 133 

3. Methodology and database 134 

3.1 Database preparation: In this study MSS, TM,ETM+, and OLI datasets collected for 1972, 1987, 135 

1998, 2008, and 2020 were used to demarcate the channel banklines and LULC change detection (Table 136 

1). The recent image of 2020 was also used to validate 2020 predicted result. All the satellite images were 137 

projected in the Universal Transverse Mercator (UTM) projection with zone 45 north and world geodetic 138 

survey 1984 (WGS84) datum and resampled in the ArcGIS environment. To maintain the data quality, all 139 

the images have been co-registered using the first-order polynomial model with the accuracy of root mean 140 

square error (RMSE) of less than 0.5 pixels with a minimum number (here it is 5) of ground control 141 

points (GCPs). Based on the axial length of river stretch and meander nature, the entire selected course of 142 

Kaljani River was segmented into three distinct zones (A, B, and C) with extension of 26.8 km (Fig. 1) 143 

for the in-depth explanation of the model result. Afterward, around 378 transects (on both banks) are 144 

generated in each of these zones for the estimation of riverbank shifting/ erosion-accretion 145 

rate.Coppernnicus aerial imagery has also been used for river bank embankment length measurement 146 

andprimarydata verification. The work has been carried out as per the following methodology (Fig. 2). 147 

Table 1: Characteristics of selected satellite images. 

 148 

Fig. 2. Conceptual framework of the methods used. 

 149 

3.2 Bank lines extraction:This process has been adopted for the assessment of earlier bankline position 150 

with the help of selected satellite images. The bankline extraction is the process of transformation of the 151 

image, into a vector layer from raster data-structure to determine right and left banklines separately on 152 

particular imagery (Jana, 2019). Authors have used the normalized difference water index (NDWI) after 153 

McFeeters, 1996; Haque et al. 2020 and modified normalized difference water index (MNDWI) (Xu, 154 

2006) for bank line extraction based on Eq. 1 and 2 which employed green and NIR bands for segregation 155 

of land from water. Where, pixels for water features are assigned as ‘1’ and for land as ‘0’ to achieve a 156 

binary image.  157 

   –  /  NDWI Green NIR Green NIR                                                                               (Eq. 1)                                               158 



To estimate the MNDWI, the MIR band of Landsat 7 and SWIR band of Landsat 5 and 8 along the green 159 

band are also used. The technique for calculating the MNDWI was given by Xu (2006) as: 160 

   –  /   MNDWI Green MIR Green MIR                                                                         (Eq. 2) 161 

   –  /  –  MNDWI Green SWIR Green SWIR                                                                   (Eq. 3) 162 

The outputof these two ratios (NDWI and MNDWI) were further multiplied to generate another new 163 

image where isolated pixel of product image nullified through the filtering technique of local mean 164 

matching (de Bethune et al., 1998) for detection of bank line position. 165 

3.3 Estimation of erosion-deposition rate and its prediction:In the present work, the Digital Shoreline 166 

Analysis System (DSAS) extension tool of ArcGIS was used to assess the rate ofbankline erosion-167 

accretion and subsequently, its predictionalso estimated by using the reference extracted baselines and 168 

auto-generated transects. For the DSAS based statistical output, two further models have been employed 169 

like, End Point Rate (EPR) model for computing presentbanklineerosion-accretion or shifting rate and 170 

Linear Regression (LRR) model for future banklineestimation. 171 

3.3.1 EPR model for calculating the bankline erosion-accretion rate/shifting rate: In the EPR model, 172 

based on availability of data the considering time period is divided into four temporal datasets i.e., 1972 173 

to 1987, 1987 to 1998, 1998 to 2008, and 2008 to 2020 (Fig. 3). For each dataset, superimposed bankline 174 

positions have been portrayed and achieved a final line of overlapping visualization and this line is traced 175 

out as a composite line. Afterward, a buffer of 100 m distance from the composite line is drawn towards 176 

the right for the right bank and left for the left bank to demarcate the baselines. Therefore, a number of 177 

transects have been placed at 50-metergap on the baseline are created at the acute angleto the baseline up 178 

to 3.5 km distance away from both banks, and transects are auto-generated with ±0.5 m uncertainties 179 

depending on the orientation of the baselines. Moreover, around 1135 transects are placed along the 180 

baseline with 50 m spacing to cover the entire selected tract ofKaljani River (about 80.5 km) (Fig. 3).  181 

   

     

Distance of bankline movement

Time between oldest and most r t
EPR

ecen
 (Eq. 4) 182 

In EPR model, previous and recent data of two banklines are needed for this calculation and do not 183 

require any earlier knowledge regarding the hydraulic interference or sediment transport. Moreover, this 184 

model is applied for two years of a data set viz. 1972 to 1987, 1987 to 1998, 1998 to 2008, and 2008 to 185 

2020 forcalculating the riverbank erosion-accretion rate which depicts the shifting trend over time. 186 

The result of EPR is applied to calculate the rate of bankline migration and understand the erosion-187 

accretion nature (Mukhopadhyay et al. 2012; Jana, 2019) using the ‘Y’ for positions of earlier (  ) and 188 

recent (  )bankline. In this attempt, it is used as ‘Y’ to denote the projected bankline position which is 189 

estimated by following Eq.  190 



EPR EPR
Y X                                                                                                               (Eq. 5) 191 

where, X is the time interval ( ) between earlierbankline ( ) and recent bankline ( ), 192 

is model intercept,  denotes the rate of riverbank shifting (slope or regression coefficient). 193 

 194 

On the other hand, EPR intercept is calculated by Eq. 6.   195 

ob rb ob rb
EPR ob ob rb rb

rb ob rb ob

Y Y Y Y
Y X Y X

X X X X


    
          

                                                            (Eq. 6) 196 

The rate of bankline migration for a given set of transects, the is calculated by the Eq.7 197 

ob rb
EPR

rb ob

Y Y

X X


 
   

                                                                                                             (Eq. 7) 198 

Fig. 3 Different banklines (1972 – 2020) are positioned along the baseline. All transects are oriented at angle with 

the corresponding baselines. 

 199 

3.3.2 LRR model for predicting the bankline erosion-accretion/shifting rate:LRR model usesstatistics of 200 

model generated baseline, which is demarcated by temporal period of bankline migration for 1972-1987, 201 

1987-1998, 1998-2008, and 2008-2020shows bank position of the subsequent year of the selected 202 

timespan. Therefore, the channel side position of the data set 2020 is considered as a common baseline to 203 

all sets. The result of this attempt has been scrutinisedby the least-square method (fitting a regression line) 204 

to predict the channel shifting and bankline position (Thieler et al., 2009). For this a regression line is 205 

placed to all linear series, points along a user particulartransect. Afterward the riverbank shifting rate is 206 

estimated by fitting the least-square regression lines to all bankline points for a defined transect. 207 

Therefore, this model is used for predicting the position of banklineat short-term (2025), intermediate-208 

term (2035) and long-term (2045) basis with a period of 7 years, 17 years and 27 years, respectively in 209 

respect to the position of banklinein 2020. Also 2020 bankline position predicted for accuracy assessment. 210 

Then the value of EPR is used to predict the future of riverbank positions ( ). This is because the 211 

predicted riverbank position can extend beyond the recent riverbank (either at left or right).Hence, 212 

the Eq. 5 is modified and formulated through LRR by the following Eq. 8. 213 

 214 

  pb EPR ob rb rbY X X Y         (Eq. 8) 215 

 216 

The positional error in above mentioned model-based estimatedbanklinei.e RMSE was carried out using 217 

the Eq. 9. 218 

 219 
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             (Eq. 9) 220 

where, and  are the model estimated bankline, and  and   are the actual bankline in X 221 

(time) and Y (position) coordinates the sample points.  222 

3.4 LULCchange analysis: In this study, five Landsat images were used for 1972 (MSS), 1987(TM), 223 

1998(TM), 2008(ETM+), and 2020(OLI) for estimation of LULC imprints of the study area. For analysis 224 

of LULC change, the existing bank landscape of the study area were classified into six classes such as i) 225 

waterbodies, ii) dense forest, iii) open forest, iv) agricultural land v) built-up area and vi) fallow land. 226 

Maximum likelihood algorithm, very useful and common method of supervised classification (Debnath et 227 

al., 2017, Wang et al., 2020, Du et al., 2020) is used for this classification attempt in ArcGIS 228 

environment.Numerous LULC change detection techniques are successfully used for monitoring land-use 229 

temporal variation (Kaufmann and Seto, 2001;Maviza and Ahmed, 2020). In this method, an array of 230 

“from-to” matrix like, pixel conversion matrix, area conversion matrix, and percentages conversion 231 

matrix were developed on a pixel-by-pixel basis.  232 

 233 

3.4.1 Prediction of LULC Change Using CA-Markov Model:The stochastic based CA Markov model, a 234 

popular model for LULC changes prediction has been employed by theTerrSet software package. CA 235 

filter along with Markov chain strategy developed CA model. The CA model can be stated as follows: 236 

   , 1 ( ),S t t f S t N                                                                                 (Eq. 10) 237 

where, S is the set of limited and discrete cellular states, N is the Cellular field, t and t+1 indicates the 238 

different times, and ʄ is the transformation rule of cellular states in local space. Markov model is depicted 239 

of LULC change predication of following mathematically conditional probability formula.  240 

 1 ( )ijS t P S t         (Eq. 11) 241 

where, where, S(t), S(t+ 1) are the system status at the time of t or t+ 1; is the transition probability 242 

matrix in a state which is calculated as follows:   243 

 244 
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            (Eq. 12) 245 

 246 

where, P denote the Markov transition matrix; Pij denotes the LULC type of the first and second time 247 

period, and denote the probability from land use and land cover type i to land type j. 248 



In this expression, ‘n’ is the number of land use and land cover types in the target area, and ‘‘ ” is the 249 

probability of transition of type i into that of type j from the initiation to the end. In the transition matrix, 250 

it requests that each line factor 0 to 1 and each rate is a non-negative quantity.The estimate of the Markov 251 

chain is the relative frequency of transitions recognized whole time span and the result of the estimation 252 

can be used for prediction (Mondal et al., 2016). In this study, three future years are predicted such as 253 

2020, 2025, 2035 and 2045. 254 

The transition probability matrix has been calculated for the time span of 1972–1987, 1987–1998, 1998-255 

2008, and 2008-2020 for the prediction of LULC of 2020. The cross-tabulation of two LULC images 256 

from each class to every other class is performed in the transition probability matrix.The transition 257 

probability areas matrix documents the number of pixels that are expected to change over a particular 258 

time period. 259 

3.5 Model validation and evaluation:  DSAS model has been used for estimating the future riverbank 260 

erosion-accretion, shifting and future bankline position. But before the future prediction, the model has 261 

been validated with the current circumstances (Mukhopadhyay et al., 2012; Jana, 2019).To predicate the 262 

rate of river riverbank erosion-accretion/shifting and future bankline position, the EPR model is employed 263 

between bankline position of 1972 (old) and 2020 (recent). The position of the predicted (Y) bankline 264 

(2020) is calculated using the rate of riverbank shifting ( ), time interval , between 265 

previous  and resent bankline position and model intercept ( ), which is expressed in the 266 

Eq. 13. 267 

 EPR EPR ob rbY X X              (Eq. 13) 268 

Therefore, the LRR method is employed to future bankline position prediction based on EPR (slope), 269 

interval, and intercept value. Based on this, the estimated backline position of 2020 is calculated and the 270 

predicted bankline is verified with the actual bankline demarcated from the satellite image of 2020. 271 

Table 2: Zone wise DSAS model-based results of RMSE. 

 272 

The allover bankline positional error is also verified with 100 GCPs, collected from the field survey. 273 

RMSE and t-test are adopted for the model validation of in estimated banklines (left and right), which 274 

gives an accuracy between actual and predicted banklines. The positional errors at each transect point are 275 

placed by error vectors and the bankline shifting varies from 0.007 m to 0.176 m(Table 2) with the overall 276 

mean error of 0.05 m. The t-test results reveal that the model has good prediction capacity (p<0.05). So, 277 

this result is accurately matched with predicted bankline position corresponding with actual bankline 278 

position (Table 3) 279 



Table 3:Results of student’s t-test based on DSAS model for different zones. 

 280 

Thus, 100 field observation data were collected from both banks for the verification of 2020 bankline 281 

position. After that the predicted banklineposition of 2025 was compared with actual (2020) bankline 282 

position for better assessment the shifting behavior of Kaljani River. 283 

In this study, the kappa index (Congralton, 1991and Keshtkar, et al., 2017) and chi-square (χ²) test (Nath 284 

et al., 2020) statistics were developed for the accuracy validation of LULC images. The kappa coefficient 285 

the legibility and imagery accuracy were tested to compare them with the actual points from field 286 

verification and high-resolution Copernicus satellite data. The kappa coefficient was calculated using the 287 

following formula (Congalton and Green, 2009); 288 

 289 
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where,  is the class number,  is the total number of classified pixels that are being compared to actual 291 

data,  is the number of pixels belonging to the actual data class , that were classified with a class , 292 

is the total number of classified pixels belonging to class  and  is the total number of actual data 293 

pixels belonging to class . 294 

According to the classification accuracy test results, the Kappa statistics for the years, 2020 is 87.57per 295 

cent. The level of agreement indicates that the classification and prediction LULC maps are acceptable.   296 

For the chi-square (χ²) test, the actual land use of 2020 has compared with the predicted 2020 land use 297 

based on the CA-Markov model (Nath et al., 2020). We assume that the area statistics of the predicted 298 

and the actual image are the same. Table 4 depicts the chi-square (χ²) test result values that indicate the 299 

validation and acceptance of the CA-Markov model for the LULC maps prediction. 300 

Table 4: Validation of change prediction based on actual and predicted 2020 LULC image. 

 301 

4. Result  302 

4.1 DSAS based riverbank migration/erosion-accretion rate:The Kaljani River entire course was 303 

segmented into three distinct zones (A, B, and C) by spacing around 26 km (Fig. 1) based on the axial 304 

length of river stretch and meander nature for the intensively explain the model result. Afterward, around 305 

350 transects (on both banks) are generated in the zone A, B, and C for the estimation of riverbank 306 

migration/ erosion-accretion rate. The riverbank shifting trend is estimated (Fig. 4 and 5) by considering 307 



the entire 48 years data (1972 – 2020).  The result depicts in 1972-1987 that the average rate of bankline 308 

shifting in zone A is 4.61 m/y and left and right bank is 4.22 m/y respectively.In zone B, the rate of 309 

average bankline shifting is 0.57 m /y (left bank) and 5.88m/y (right bank). The rates of average bankline 310 

shifting in zone C is2.59 m/y and 2.0 m/y for the left and right bank, respectively. -40.86m/y and 311 

44.24m/y are the erosion and accretion in left bank and -39.66m/y and 43.03m/y in the right bank. In this 312 

period, the overall average shifting of the left and right bank is 2.54m/y and 2.00m/y, respectively, and 313 

the positive shifting (accretion) is observed on both banks in the zone of A, B and C.  The erosion-314 

accretion rate and no of transect indicate the channel narrowing caused by sediment accretion in both 315 

bankline. But both (erosion-accretion) rates are high in left and right bank. Therefore, the dynamicity of 316 

the river is very high, especially in zone A compare to other zones. 317 

During the 1987-1998, the average channel migration rate in zone A is 4.21m/y for left bank and 13.22 318 

m/y for right bank.In this zone, the spatial distribution of transects that accretion is 205 (left bank) and 319 

190 (right bank), which also indicates the channel narrowing due to sediment accretion on both banks.In 320 

zone B, the rate of average shifting is -0.16 m/y for left bank and 1.03m/y for right bank. The channel 321 

migrates towards the left bank due to more erosion on the left side (207 transects out of 380 transects) and 322 

accretion on the right side (171 transectsout of 380 transects). Zone C resulted in an average rate of 323 

channel migration is 1.13m/y and -0.10m/y for the left and right bank, respectively. In this zone river 324 

move the right side due to more erosion on right bank (219 transectsout of 420 transects). In this time 325 

frame, the overall average channel migration rate is 1.13 (left bank) and -0.10 (right bank),respectively. In 326 

this regard, at the right bank an extensive erosion experiences and a disproportionate sedimentation 327 

(accretion) along the right bank. 328 

Fig. 4 DSAS model derived riverbank migration rate (accretion ~ erosion) during the periods of (a) 1972 – 1987, (b) 

1987 – 1998, (c) 1998 – 2008, and (d) 2008-2020 at three selected zones (A, B, and C). 

 329 

During the 1998-2008,in zone A, the average riverbank migration rate is 8.23m/y (very high accretion) on 330 

the left and -1.50m/y (erosion) on the right bank. It indicates the channel shift towards the right (erosion) 331 

and the left bank observe hug accretion condition. The zone B comprises significant accretion in 4.47m/y 332 

on the left bank and 11.44 m/y on the right bank (Fig. 4). Therefore, the river channel is narrowing by 333 

inward sedimentation. In addition, zone C passes through a relatively higher rate of erosion at the rate of -334 

4.48m/y and -3.84m/y on the left and right bank, respectively. The correspondences of high erosion at 335 

both banks are indicating the channel widening. In this period, overall negative (erosion) trend on the both 336 

bankline,which are about -4.48m/y and -3.48m/y at the left and right, respectively (Fig. 4). This result 337 

indicates the river course widening triggered by persistent erosion on the both banks.  338 



In the time frame 2008-2020, zone A observes a higher rate of erosion on both banks (-0.23 m/y at left 339 

bank and -3.79 at the right bank) with the 209 in left and 186 in right, out of total 350 transects.This result 340 

explores leads channel widening through the river channel shifting.In zone B, high accretion(2.54m/y) is 341 

recorded in the left bank and high erosion (-2.83m/y) in the right bank. This zone also conforms the 342 

shifting of the channel towards the right bankline in response of higher rate of erosion on the right and a 343 

relatively meager rate of accretion on the left bankline. The zone C shows the leftward shifting of the 344 

river course with an average riverbank shifting rate of -0.44 m/y at the left bank and 2.12 m/y at the right 345 

bank. The nature of river shifting indicates the leftward shifting of channel.In general, during the period 346 

2008-2020, the overall migration rate is -0.44 m/y at the left bank and 2.44 at the right bank, which 347 

indicates the leftward shifting of the river channel (Fig. 5).As a result, the river channel migrates towards 348 

the left bank with large extents of sedimentation at the right bank. 349 

Fig. 5 Distribution of DSAS model derived riverbank erosion and deposition rate along transects during the different 

study periods, (a)1972-1987, (c) 1987-1998, (e) 1998-2008, (g) 2008-2020, (i) 2020-2025, (k) 2020-2035 and (m) 

2020-2045 at the left bank and (b)1972-1987, (d) 1987-1998, (f) 1998-2008, (h) 2008-20202, (j) 2020-2025, (l) 

2020-2035, and (n) 2020-2045 at the right bank. 

 350 

4.1.1 Model based prediction of banklineshifting 351 

The result depicts in the Short-term prediction(from 2020 to 2025)that the average rate of bankline 352 

shifting in zone A was -2.61 m/y and left and right bank was 4.37 m/y respectively.In zone B, the rate of 353 

average bankline shifting is -1.07 m /y (left bank) and 4.69 m/y (right bank). The rates of average 354 

bankline shifting in zone C is -2.09 m/y and 3.04 m/y for the left and right bank, respectively. In this 355 

period, the overall average shifting of the left and right bank is -1.90 m/y and 4.00 m/y, respectively, and 356 

the negative shifting (erosion) is observed on left bank in the zone of A, B and C.The predicted bankline 357 

in 2025 is validated with the help of an empirical data from field survey (2018 to 2020) and image-based 358 

(2020) assessment (Fig. 6). Therefore, the ability of the model in evaluation and validation is stretch with 359 

field observation.  360 

Fig. 6 Spatial pattern of bankline migration after prediction in the year 2020, 2025, 2035, and 2045. 

 361 

The result of the medium-range prediction (from 2020 to 2035) of the average channel migration rate in 362 

zone A was -3.15 m/y for left bank and 2.78 m/y for right bank.In zone B, the rate of average shifting was 363 

0.22 m/y for left bank and 4.53 m/y for right bank. Zone C resulted in an average rate of channel 364 

migrationwas-0.18 m/y and 0.55 m/y for the left and right bank, respectively. In this time frame, the 365 

overall average channel migration rate was -0.96 m/y (left bank) and 2.56 m/y (right bank),respectively. 366 

This result is equiponderant to the intermediate rates of bankline shifting through erosion-accretion 367 



between the predicted bankline of 2025 and 2035 (Fig. 6).From 2020 to 2045 predicted of bankline 368 

migration (Fig. 6) resulted that in zone A, the average riverbank migration rate was-5.36m/y (very 369 

higherosion) on the left and 1.47 m/y (accretion) on the right bank. It indicates the channel shift towards 370 

the leftbank (erosion) and the right bank observe accretion condition. The zone B comprises significant 371 

erosion in -0.55 m/y on the left bank and 3.51 m/y on the right bank (Fig. 4). In addition, Zone C resulted 372 

in an average rate of channel migrationwas0.26 m/y and -0.39 m/y for the left and right bank, 373 

respectively. In this period, overall negative (erosion) trend on the left bankline,which are about -1.77 m/y 374 

and 1.48m/y at the left and right, respectively.It is also recorded that the absolute bankline migration in 375 

the Kaljani River is significant and as high as for the intermediate predicted period from 2035 to 2045.  376 

Therefore, to a large extent erosion and accretion overreach between the actual and predicted bankline 377 

positions between 2020 and 2045. In this regard, at the left bank an extensive erosion experiences and a 378 

disproportionate sedimentation (accretion) along the right bank. However, such kind of bankline 379 

migration may become exceptional and extensive in the future due to the varied nature of different drivers 380 

of bankline erosion and accretion process. The overall result of the predicted bankline represents that the 381 

bulky expansion will occur along the left bank and sediment accretion will take place at the right bank. 382 

Based on the overlaid analysis of bank shifting and mouza distribution, the result suggests that the Uttar 383 

Paitkapara, JaigirChilakhana, Chhatoa, Kaljani, Bhelapeta, Dakshin Latabari, Nimtijhora Tea Garden, 384 

Kholta, Chalnipak, BhelakopaDwitia khanda, Ambari, Dakshin Paitkapara, Chalnipak, and 385 

AmlaguriDwitia khanda mouzas are a threat to erosion, which is captured in the actual rate of change 386 

relevant to predict the future riverbank position. Also, the accretion process is active in the Kholta, 387 

Ambari, Dakshin Paitkapara, Chengpara, Bhuchungmari, JaigirChilakhana, Uttar Paitkapara, Chapatali, 388 

AiraniChitalia, Chhatoa, Paschim Salbari, Pukuritola, Dhopguri, BholarDabri (CT), Amlaguri, and 389 

GabaurBachhra mouza. The Ambari and JaigirChilakhana mouza are the most dynamic mouzas for both 390 

erosion and accretion effects. 391 

4.2 Temporal variationof LULC:The temporal variation of LULC categories for the year 1972, 1987, 392 

1998, 2008, and 2020 are depicted in fig. 7. Table 6,illustrates the LULC change of Kaljani River 393 

adjacent village area.In 1972 about  6.34 percent , 21.62 percent, 29.18per cent, 26.20per cent, 4.67per 394 

cent, and 11.98per cent area were covered by water body, dense forest, open land, agriculture land, built 395 

up area, and fallow land respectively, whereas in 1987 these areas were changed to 8.16 per cent, 396 

19.90per cent, 24.25per cent, 28.44per cent, 6.68per cent, and 12.58per cent area respectively, as in 1998  397 

about 5.17per cent, 16.06per cent, 29.88per cent, 30.13per cent, 7.07per cent,  and 11.70per cent  area 398 

respectively, as in 2008 about 3.62per cent, 14.93per cent, 30.21per cent, 32.97per cent, 9.55per cent, and 399 



8.72 per cent, area respectively, as in 2020 about 3.33 per cent, 13.37 per cent, 31.08 per cent, 34.07 per 400 

cent, 10.09 per cent, and 8.06 per cent, area respectively. 401 

Table 5: LULC classes of the study area from 1972-2020. 

 402 

There has been a significant increasing trend for agricultural land, open forest, and built-up area; whereas 403 

a decreasing trend was observed for water bodies, dense forest, and fallow lands. The change of all six 404 

classes from 1972 to 1998 was very high when compared with the change between 1998 and 2020. A 405 

gradual increase rate from 1987-1998, 1998-2008, and 2008- 2020 in open forest, agricultural andbuilt-up 406 

area was observed, while water bodies and dense forest were decreasing rapidly (Table. 6). the area 407 

matrixes of the different LULC types throughout the given period of investigation, revealsthat the dense 408 

forest and water bodies have been convertedinto other land classes; especially water bodies converted to 409 

agricultural land, built-up area, and fallow land gradually. 410 

Fig. 7: LULC changes maps of the years (a) 1972, (b) 1987, (c) 1998, (d) 2008, (e) 2020, (f) predicted 2020, (g) 

predicted2025, (h) predicted2035, and (i) predicted2045. 

 411 

4.2.1Predicted LULC 2025, 2035, and 2045: The transition probability matrix is generated using LULC 412 

maps of 2008 and 2020.These results are used for LULC prediction maps (2020, 2025, 2035, and 2045) 413 

by the CA-Markov method (Fig. 7).This work has revealed that if the present spatio-temporal LULC 414 

change trends continue, only 12.91 per cent of the total dense forest land will remain by 2045.The 415 

predicted results of spatio-temporal LULC dynamics represents that agricultural land in the study area 416 

will continue to expand up to 35.49 percent, 36.23 percent, 36.74 percent, whereas, the built-up area 417 

10.47 percent, 10.57 percent, 10.62 per cent by 2025, 2035, and 2045 respectively. Table 7 is the data 418 

table which is generated based on the predictive LULC maps output in 2025, 2035 and 2045. Generally, 419 

in 2025, 2035, and 2045 the water bodies, dense forest, fallow land was gradually decreased, and the 420 

remaining land classes agricultural land, built-up area, open forest area was gradually increased in the 421 

future. An overall change in LULC in all the 27 years of estimation expressed that; the agricultural land 422 

will dominate by occupying 36.74 per cent (175.92 km²) of the Kaljani River adjacent village area 423 

followed by open forest, which was covered 29.98 per cent (143.56 km²). 424 

Table 6: Predicted LULC in 2020, 2025, 2035, and 2045. 

 425 

5. Discussion 426 

The Kaljani River continuously changed its buffer area’s LULC through the erosion-accretion process 427 

with time. The river bank erosion and accretion are strongly related to river migration and channel 428 

expansion. This study shows that from 1972 to 1998, the large-scale bank erosion-accretion and channel 429 



migration took place due to the extreme flood in the Kaljani River(Rudra and Basu 2002, Mukhopadhyay 430 

et al. 2005).In this river course, both banks from zone ‘A’ are worse affected parts and areas located in 431 

Jaigirchilakhana, Chilakhana, Bhelakopadwitia khanda, Amlaguri, Bhelapeta, Panisala mouzas have 432 

experienced a large amount of erosion-accretion and channel migration. The result of erosion and 433 

accretion represents that channel widening takes place in this zone through continuous and overturning 434 

erosion. After 1998, the nature of bank erosion and accretion has changed due to the occurrence of low 435 

magnitude floods. Similarly, the result founds in land utilization from 1972 to 1998 and after 1998 the 436 

change has gradually decreased. On the other hand, zone ‘B’ and ‘C’ are comparatively low effected area 437 

where the LULC also has least altered.  The adjustment of LULC in the adjacent village area of the 438 

Kaljani River is independently a significant and interesting fact. In this analysis, dense forest and water 439 

bodies are reduced over time, which caused the change in channel behavior (Fig. 8).The built-up area and 440 

agricultural land have been eroded and converted into accretion land which again used for both built-up 441 

and agricultural purposes.But some areas remain as fallow category due to the presence of high 442 

percentage of sand deposition that cannot be used for other purposes. The agricultural land and open 443 

forest area have been eroded, whereas it becomes accreted that took place in the opposite bank. Owing to 444 

riverbank erosion-accretion this type of LULC change is very significant for socio-economic aspects. As 445 

a result, local people have to migrate to another place to change their livelihood patterns. Later, with the 446 

modification of the socio-cultural environment and adjustment of LULC change a symbiotic ecosystem 447 

has been developed in the study area.  448 

Fig. 8. Conversion of water bodies to other LULC classes. 

 449 

In this investigation, predicted bankline and predicted LULC result reveals that dense forest, settlement, 450 

agricultural land, open forest land will face a significant threat due to future of bank. In the present time, 451 

changing tectonic activity, population growth, and climate change, which cannot be accurate, predicted 452 

the channel migration rate and LULC change rate. But it is included that, riverbank migration and land 453 

utilization ideas will supportto improve the river adjacent mouza areafor restoration and management as 454 

well as uplift the socio-economic condition of the riparian peoples in the future. Therefore, the output of 455 

the predictions in this work could serve not only as spatial guidelines for monitoring future trends of 456 

channel migration and LULC dynamics but also to address threats and deterioration of river adjacent 457 

village area ecosystems. Moreover, the prediction of the river bankline position and LULC pattern is 458 

meaningfully possible by the application of the CA-Markov and DSAS models. 459 

5.1 Reasons for channel shifting and LULC pattern change:We observed both natural and 460 

anthropological dimensions are playing important role to change the river shifting behavior. The channel 461 

migration and erosion-deposition of the Kaljani River may be results of various reasons i.e., massive 462 



floods, flow discharge in the channel, nature of bedload, bar formation within the channel, and in the 463 

banks, change of thalweg between the banks, plate tectonics movement, human intervention, etc. In the 464 

Kaljani river, the gradual formation of mid-channel bars changes the river flow pattern and influencing 465 

erosion-deposition and channel migration rate of both banks (Maiti, 2016). Discharge water fluctuations 466 

of different seasons specifically rainy seasons are the origin of the massive and frequent floods every year 467 

or every two years.In this study area, extreme rainfall is a very important factor in river dynamicity. The 468 

extreme rainfall increases discharge water and sediment rate to the river. These processes can changes 469 

bank stability and channel morphology (Vanacker et al., 2005; Wohl, 2006; Struck et al., 2015; Qazi and 470 

Rai, 2018). The acquired results displayed that, under the extreme rainfall as well as frequent floods and 471 

the geomorphic response to change the rates of channel migration and erosion-deposition. The average 472 

annual rainfall of the study region is 3444.05 mm during the period 1989-2008 (District Disaster 473 

Management Report 2009, Government of West Bengal, India). We have studied 20-year rainfall data 474 

which presents extreme rainfall events lead to high magnitude floods. Channel migration and erosion-475 

depositions were recorded very high in those years.The floods can trigger sudden changes in the rivers 476 

channel. During the floods, huge amount of water and sediment load flow through the river course which 477 

has increased the channel migration and erosion-deposition statistics. The Kaljani River has been facing 478 

floods almost in every year or every second year (Starkel et al., 2008).  The most effective flooding years 479 

of the river is 1972 (moderate intensity), 1980 (moderate intensity), 1993 (highest intensity), 1998 (high 480 

intensity), 2000 (high intensity), 2002 (high intensity), 2007(low intensity), 2010 (low intensity), 2014 481 

(low intensity), and 2016 (low intensity) (Rudra and Basu 2002, Mukhopadhyay, et al. 2005, Water and 482 

Irrigation Division, Govt. of West Bengal, 2007, and annual flood report, Govt. of West Bengal, 2010, 483 

2014, 2016). The magnitudes of the floods are gradually decreasing over time, but some floods are very 484 

massive. In 1993, extreme floods occurred that has caused the highest discharge ever for the Kaljani River 485 

which was recorded 140234.53 cusecs (3971 cumecs), (WAPCOS. 2003). Thus, itcan be said that flood 486 

events are one of most vital factors for the change of channel migration and erosion-deposition rates. 487 

The fluctuations of the sedimentation rate of the different season are the very important factors that 488 

contribute to morphological changes in the Kaljani River migration and erosion-deposition (Mandal et. 489 

al., 2017). During monsoon in each year excessive sedimentation has uplifted the channel bed of the river 490 

and resistance to the free flow of water (Dey and Mandal, 2019). This problem makes the system highly 491 

hazardous during rainy season. During this time, huge discharge with massive velocity increases the 492 

amount of river water and creates huge pressure on the Kaljani River bank (Maity and Maiti, 2017, 493 

Bjorklund, 2015).This study area is the most sensitive zone of geomorphic transition that is clear. Here a 494 

lot of geomorphic processes are going on. The Kaljani River is bearing the imprint of active tectonics of 495 

the region as they lie in the zone of Himalayan Frontal Fault, the most active thrust belt of Himalayas 496 



(Das, 2004, Goswami et al., 2012). Tectonic changes are depicted by the responses made in the adjoining 497 

morphology of this river behavior. Among the various causes, one of the most important causes of this 498 

river dynamicity is tectonic activity. In our analysis, the total erosion is greater than the deposition which, 499 

has indicated this river still erodes. The hypsometric curve represents the different stages of the evolution 500 

of erosional landform (Strahler, 1952). The basin age can be analyzed through the hypsometric value. The 501 

value of hypsometric integral close to 0 is highly eroded and 1 is quietly eroded regions (Schumm, 1956; 502 

Strahler, 1952). We have calculated the hypsometric curve integral as 0.13 which indicates the Kaljani 503 

river basin is now fall into mature to the old stage. The basin relief and size variations are represented in 504 

the long profiles of the river. The distances and elevations were divided by maximum basin relief and the 505 

total stream length respectively to define the long profile (Lee & Tsai, 2010). Thus, the presence of breaks 506 

in the river long profile depicts that strong structural effect is somehow present in the river course. The 507 

long profile represents that maximum portion of the river basin is included in plain land (Fig. 9). The 508 

hypsometric curve value and the long profile properties provide adequate evidence of this river’s low 509 

energy but the study result is different. This may be due to the energy boost up takes place in the river 510 

during extreme rainfall and floods.So further changes are unavoidable which may establish newer 511 

difficulties in concluded the reasons for channel migration and erosion-deposition. Therefore, limitation 512 

of our research is the absence of discharge data because data of discharge of this river is not available 513 

from any governmental or private authorities.  514 

The Soil Conservation Service Curve Number (SCS-CN) method is determined based on soil group, 515 

hydrologic conditions, vegetation types, and agricultural treatment (USDA, 1972). They effectively 516 

utilized the satellite data to estimate the USDA Soil Conservation Services (SCS) Runoff Curve Number 517 

(CN). SCS-CN is a popular rainfall-runoff model that is widely used to estimate direct runoff from small 518 

and un-gauged basins. SCS-CN value is ranging from 0 to 100 (Table 8). Zero represents very low runoff 519 

and 100 represents very high runoff. River bank erosion is related with the amount of runoff present in the 520 

region. River bank becomes vulnerable when presence of vegetation is low and runoff is very high.  In 521 

this study, highly eroded areas, such as the Uttar Paitkapara, JaigirChilakhana, Chhatoa, Kaljani, 522 

Bhelapeta, Dakshin Latabari, Nimtijhora Tea Garden, Kholta, Chalnipak, BhelakopaDwitia khanda, 523 

Ambari, Dakshin Paitkapara. Chalnipak, and AmlaguriDwitia khanda mouza are depicted as high SCS-524 

CN values. That indicates the high runoff is the important causes of the Kaljani Riverbank erosion 525 

(Fig.09).   526 

Fig. 9. (A) The Soil Conservation Service RunoffCurve Number of the Kaljani River adjacent village areas with 

field photo, (B)Long profile of the Kaljani River Basin (Modify M. Hasanuzzaman et al., 2021) 

 527 

Table 7: Description of LULC and their SCS-CN. 



Among the various serious reasons, tectonic activity, climate, flood, and human intervention especially 528 

constriction of the embankment along the Kaljani River are the most important reasons for this dynamic 529 

changed.The impact of riverbank erosion-accretion, bank margin shifting and erosion protection 530 

embankment structure at different river zones has been resulted in the EPR model output. In this 531 

investigation, it is observed that a large number of mouzas with immense population pressure are 532 

vulnerable,where most of the people are engaged in agricultural activities. Therefore, a large number of 533 

embankment installations along the Kaljani River for flood control can be modifiedby the erosion-534 

accretion and adopted LULC patterns.Embankments along the river affect river channel morphology and 535 

its flow dynamics. As we know that the man-made embankment increases the stress on the riverbed, so it 536 

becomes more vulnerable to erosion than protecting it (Yao et. al. 2011). Thus, it is an important factor 537 

for the morphologic changes like the erosion of the river bank and accretion on floodplain. In our study 538 

area, the most active banks have been stabilized, especially along the right side. The field survey and 539 

Copernicus satellite image show the existence of man-made embankment in 27 places at the right bank 540 

and 13 places at the left bank along with 20 bridges (Fig. 10). In the right bank, erosion rate has been 541 

decreased because here the contiguity of embankment is largely extended, but left bank experienced more 542 

erosion due to shorter length bank embankments. The riverbank erosion-accretion, channel migration, and 543 

LULC pattern change observation are a very important variable to planners, environmentalists, 544 

policymakers for understanding and formulating the needed and appropriate channel design schemes of 545 

vulnerable areas of Kaljani River. 546 

Fig. 10. Bridges and embankment along the Kaljani River with field validation photos. 

 547 

6. Conclusion  548 

This study has demonstrated the application and capability of earth observatory technology and generated 549 

a detailed evaluation of temporal and spatial changes in river channel dynamics and adjustment of LULC 550 

of the Kaljani River adjacent village area.The multi-temporal data analysis reveals that the Kaljani River 551 

has continuously been changed its bankline positions from extensive erosion-accretion processes and 552 

modified its adjacent village area LULC pattern significantly.In this river course, both banks from zone 553 

‘A’ (lower part of the river) are worse affected parts and areas located in Jaigirchilakhana, Chilakhana, 554 

Bhelakopadwitia khanda, Amlaguri, Bhelapeta, Panisala mouzas have experienced a large amount of 555 

erosion-accretion and its impact on LULC over the study period.The overall result of the predicted 556 

bankline represents thatAmbari and JaigirChilakhana mouza are the most dynamic mouzas for both 557 

erosion and accretion effects.The study assesses the significant land-use study regarding the dynamic 558 

change of river bankline positions in vulnerable areas and the endangered condition of the nearby 559 

settlements and infrastructures due to high bank erosion. Most hydrogeomorphological studies are 560 



focused on identifying factors causing the riverbank migration and erosion-accretion and its present 561 

situation. Moreover, the longprofile, hypsometric curve value, and the Soil Conservation Service Curve 562 

Number (SCS-CN) value have been a significant help in understanding and identification of 563 

consequences reasons. This work is a small effort to calculate the historical and future river bankline 564 

migration and LULC change patterns through an automated computational platform. Field validation and 565 

continuous monitoring are imperative for such types of automated approaches. Therefore, in the present 566 

research, the DSAS and CA-Markov based automated approach is employed as an alternative way that 567 

successfully and accurately measures and predilections of geomorphic processes (erosion-accretion and 568 

LULC patterns) at an appropriate spatio-temporal scale. The level of accuracy is validated by the actual 569 

bankline positions (2020) with predicted bankline (2020) and actual LULC (2020) to predicted LULC 570 

(2020) empirically. Also, RMSE, and Students t-test (for riverbank migration) and Chi-Square Test, 571 

kappa coefficient (for LULC Maps) are adopted for validated this work. Moreover, it will be very much 572 

helpful for engineers and planners can the administrators to take the required river adjacent village area 573 

management plans and ensure to minimize human intervention and the river adjacent village area heath 574 

are healthier. 575 

 576 
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Figures

Figure 1

Location map of the study area (A) India, (B) Eastern Himalayan foothill, (C) Kaljani River Basin with
altitude, and (D) Kaljani River Buffer Mouza. Note: The designations employed and the presentation of
the material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 2

Conceptual framework of the methods used.



Figure 3

Different banklines (1972 – 2020) are positioned along the baseline. All transects are oriented at angle
with the corresponding baselines.



Figure 4

DSAS model derived riverbank migration rate (accretion ~ erosion) during the periods of (a) 1972 – 1987,
(b) 1987 – 1998, (c) 1998 – 2008, and (d) 2008-2020 at three selected zones (A, B, and C).



Figure 5

Distribution of DSAS model derived riverbank erosion and deposition rate along transects during the
different study periods, (a)1972-1987, (c) 1987-1998, (e) 1998-2008, (g) 2008-2020, (i) 2020-2025, (k)
2020-2035and (m) 2020-2045 at the left bank and (b)1972-1987, (d) 1987-1998, (f) 1998-2008, (h) 2008-
20202, (j) 2020-2025, (l) 2020-2035, and (n) 2020-2045 at the right bank.



Figure 6

Spatial pattern of bankline migration after prediction in the year 2020, 2025, 2035, and 2045.



Figure 7

LULC changes maps of the years (a) 1972, (b) 1987, (c) 1998, (d) 2008, (e) 2020, (f) predicted 2020, (g)
predicted2025, (h) predicted2035, and (i) predicted2045.



Figure 8

Conversion of water bodies to other LULC classes. Note: The designations employed and the presentation
of the material on this map do not imply the expression of any opinion whatsoever on the part of
Research Square concerning the legal status of any country, territory, city or area or of its authorities, or
concerning the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 9

(A) The Soil Conservation Service RunoffCurve Number of the Kaljani River adjacent village areas with
�eld photo, (B)Long pro�le of the Kaljani River Basin (Modify M. Hasanuzzaman et al., 2021) Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 10

Bridges and embankment along the Kaljani River with �eld validation photos.


