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Abstract

The process of riverbank erosion is often accelerated by natural events and anthropogenic
activities leading to the transformation of this natural process to natural hazard. The pre-
sent study aims to calculate past, present, and future riverbank erosion and accretion (EA)
rates using an automated digital shoreline analysis system (DSAS) model of the lower part
of the Ganga River in India. Moreover, this study evaluated the EA with bank erosion haz-
ard index (BEHI) and river embankment breaching vulnerability index (REBVI). In this
study, satellite images (1973, 1987, 1997, 2007, and 2020) were used for EA rates calcula-
tion and field survey data (bank materials, geotechnical parameters, embankment structure,
hydraulic pressure, etc.) were used for BEHI and REBVI scores calculation. From 1973
to 2020, the average bank EA rate was found to be 0.119 km/year and 0.046 km/year at
the left bank and 0.052 km/year and 0.066 at the right bank. During this period, six vil-
lages/mouza (smallest administrative unit of India for revenue collection) were very highly
vulnerable due to very high left bank erosion. The long-term prediction (2020-2045) esti-
mates that the average EA rate will be 0.164 km/year and 0.021 km/year at the left bank
and 0.031 km/year and 0.045 km/year at the right bank. From this period, 21 villages were
highly vulnerable due to very high left bank erosion. Moreover, BEHI and REBVI scores
were very high in these villages. RMSE, Student’s #-test, and R” statistical techniques were
used for DSAS model validation. Therefore, RMSE (from 0.103 to 0.247), Student’s t-test,
and R? (0.82 for the left bank and 0.79 for the right bank) values justified the acceptance
of the model. This study may help decision makers as the spatial guidelines to understand
future trends of riverbank EA rates for land-use planning and management strategies to
protect riverbanks.
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1 Introduction

The Ganga River is the second largest river in terms of sediment transport in the world,
which covers 1.09 million km? basin areas (Dewan et al. 2017). This river has flowed
through different types of landforms, and when passing through the deltaic region, the river
adjusts itself very dynamically by the erosion and accretion (Bera et al 2019). The Far-
akka barrage has been constructed in 1975 across the Ganga River in between the Malda
and Murshidabad districts of West Bengal in India (Islam and Guchhait 2017). It made
important changes in the hydrological, morphological, patterns, and sedimentological char-
acteristics of the lower part of the Ganga River (Bera et al 2019). However, some major
problems (massive riverbank erosion, high rate of bar formation, flood, etc.) are raised in
this part of the river due to this construction (Guchhait et al 2016). About 4.5 lakh people
from 40 villages lost their residence in the Malda district (Talukdar et al. 2021). About
42.74 km? area was eroded in this part of the Ganga River by the left bank riverbank ero-
sion during 1979 to 2004 (Das and Samanta 2022), which resulted in the continuous loss
of residential areas, agricultural land, roads, infrastructure, and schools building. It made
a crucial impact on the physical landscape as well as demographic and socio-economic
structure (Hasanuzzaman et al. 2022a). Such problems induce regional backwardness,
and local communities are lagging behind the mainstream society that hinders India from
achieving the sustainable development. Thus, there is an urgent need to develop an appro-
priate management plan through scientific research.

Therefore, many researchers have been investigating on this region by using vari-
ous methods and techniques (Table 1). However, the most of the researchers applied the
traditional technique and manual overlapping method to calculate the Ganga River bank
erosion and accretion (EA). Traditional technique or manual overlapping methods have
a high chance of possibility of human bias and errors (Ashraf and Shakir 2018; Jana
2019). Because they were manually calculated. Over time, as new scientific methods
emerge, so to do novel ways of measuring riverbank erosion, and with the advent of mod-
ern automated techniques, the likelihood of human bias has significantly decreased com-
pared with the traditional manual overlapping method. Moreover, a very low number of
transects was presented (mostly 15-20) with a spacing of 5-10 km. Therefore, the present
study applied a statistical-based automated digital shoreline analysis system (DSAS) model
for the estimation and prediction of riverbank erosion—accretion rate. In this model, around
1400 auto-generated transects were used with the 50-m spacing. This model automatically
calculates the EA rate using banklines. Thus, the possibility of human bias and error is
very low. Through an in-depth analysis of the existing literature, it can be confidently stated
that with the exception of the DSAS model, all currently available models for calculating
riverbank erosion and accretion are manually operated. Therefore, the DSAS model is the
only automated tool available for calculating riverbank erosion and accretion. Moreover, in
the field of riverbank erosion and accretion, there are no models available that can predict
future changes aside from the DSAS model.

DSAS is a highly acceptable and popular method that was developed by the United
States Geological Survey (USGS). It is capable of accurately measuring the rate and pre-
diction of different river bankline positions (right and left bank separately) (Thieler et al.
2009; Ashraf and Shakir 2018; Jana 2019; Hasanuzzaman et al. 2022b). Many researchers
have successfully applied the DSAS model in their fields such as Hapke et al. (2009) in the
USA, Hai-Hoa et al. (2013) in Vietnam, Esteves et al. (2009) in the UK, Kuleli et al. (2011)
in Turkey, Alberico et al. (2012) in Italy, Ellison and Zouh (2012) in Cameroon, Addo et al.
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(2008) in Ghana, Natesan et al. (2013), Mukhopadhyay et al. (2012) in India, Rahman et al.
(2011) in India and Bangladesh, etc. Generally, the DSAS model is used in the context,
particularly for the sea shoreline migration. However, in this study, the right and the left
bank can be separately mapped with a higher degree of accuracy (Ashraf and Shakir 2018;
Jana 2019; Hasanuzzaman et al. 2022b).

Additionally, we calculated village boundary-wise EA, bank erosion hazard index
(BEHI), and river embankment breaching vulnerability index (REBVI) at the left bank
buffer. Based on previous literature, governmental reports, and news sources, it is evident
that the left bank of the lower Ganga River is facing a precarious situation caused by mas-
sive bank erosion. However, our work has been carried out at the village boundary level, as
this is where various developmental programs and schemes are implemented through the
Panchayat Development Plan by the Ministry of Panchayati Raj and the Ministry of Rural
Development, under the Government of India.

The bank erosion hazard index (BEHI) is a useful tool for assessing the risk of bank ero-
sion along riverbanks. It takes into account various factors, including bank height, bankfull
height, bank protection, bank combination, vegetation root depth, root density, and bank
material stratification, to provide a comprehensive assessment of the bank erosion hazard.
The BEHI has been applied in various studies and has been found to be accurate and reli-
able (Rosgen 2006; Mazzorana et al. 2010; Azamathulla et al. 2015; Cheng et al. 2019;
Islam et al. 2020). The BEHI was developed by the US Army Corps of Engineers (USACE)
in 1998. The river embankment breaching vulnerability index (REBVI) is a method that
helps in identifying areas that are most vulnerable to embankment breaching and prioritiz-
ing measures to reduce the risk of damage to infrastructure and communities. The REBVI
was applied in various studies (Liu et al. 2021; Wang et al. 2020). The method involves the
integration of three vulnerability factors: bank materials and geotechnical attributes, the
geometry of embankment, and hydraulic pressure.

However, the scientific automated methods for the calculation of historical and future
riverbank EA, village-wise calculation of riverbank EA, calculation of BEHI, and calcula-
tion of river embankment breaching are not figured out in the previous studies. It is a big
research gap in the study area. Therefore, the main objectives of the study are (1) to meas-
ure the past, present and future EA rate of both banks of the study river using the DSAS
automated model; (2) to calculate the village-wise EA of the left bank of the study area;
and (3) to calculate BEHI and REBVI of the left bank of the study area. Thus, this study
will act as a spatial guideline for the administration of riverbank erosion management.

2 Study area

The Ganga River is one of the largest rivers in India. As the Ganga River enters West
Bengal, it becomes confined on both sides due to the surrounding Diara region on the left
bank (Malda) and the outliers of the Rajmahal hills on the right bank. The Diara region
is an alluvial deposition area between the upland and the marshy Tal track. According to
the Geological Survey of India, along the left bank, there is the Malda—Kishanganj Fault,
while along the right bank the Rajmahal Fault exists. Those faults have forced the Ganga
River of the study area to flow in a relatively narrow valley (Sinha and Ghosh 2012). Dur-
ing the monsoon, the Ganga River water level crosses the danger or the extreme danger
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level. According to the Central Water Commission of India, the average annual sediment

load is 200.53 (Mt) at the Farakka (Khan et

al. 2018).

Geographical area extended between 24°39'38"N to 25°13'16"N latitude and

87°46'25"E to 88° 00'16"E longitude with

covering the distance of 8.7 km (Fig. 1). This
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natural hazards due to shifting of the river channel, seasonal submergence of char land
(channel bar) and flooding, etc. The Planning Commission (1996) reported that around 4.5
lakh of people had lost their homes in 40 village panchayats (the village administration
system in India) of Malda district, India (Dutta 2011). In this study, transect-wise EA and
prediction have been estimated along both the banks; however, mouza (village)-wise EA
and prediction have been calculated for only the left bank or the most affected mouzas of
the Malda district. The present study has identified 100 mouzas (smallest administrative
unit of India for revenue collection) along the left bank of the Ganga River in Malda dis-
trict (Fig. 1). These 100 villages are distributed in four blocks, i.e., Manikchak block (39
villages), English Bazar (11 villages), Kaliachak-I (23 villages), and Kaliachak-III (27 vil-
lages) (ST1).

3 Dataused

In the research, MSS, TM, ETM +, and OLI datasets used in the years of 1973, 1987, 1997,
2007, and 2020 to demarcate the channel banklines (Table 2). We have selected these
above years because of image availability, cloud-free, and ten-year-plus interval. Between
November and January have been selected, as the images are clouds-free during this time
period. All the satellite images were projected in the UTM projection with zone 45 north
and WGS84 datum and resample in the ArcGIS environment. To maintain the data qual-
ity, all the images have been co-registered using the first-order polynomial model with the
accuracy of root mean square error (RMSE) of less than 0.5 pixels with a minimum num-
ber of ground control points (GCPs). We have selected 29 sampling points of left bank
of the study area for BEHI and REBVI models. The details of collection data are given
in Supplementary Material 1 (SM1). The work has been carried out as per the following
methodology (Fig. 2).

3.1 Bankline extraction

We have used the normalized difference water index (NDWTI) for bankline extraction based
on Eq. 1.

NDWI = Green—NIR/Green + NIR €))]

The value of the NDWI ranges from — 1 to 1. Theoretically, NDWI values above O rep-
resent water bodies and NDWI values below 0 indicate non-water-body areas (Zheng et al.
2021). We have extracted the river bank buffer area (left and right banks separately) by
the polygon feature from the NDWI final images in ArcGIS 8.1 software. After that, we
converted the classified images into polygon features and extracted the riverbank lines (de
Bethune et al. 1998; Jana 2019). This whole process is completed by automatic techniques.
Therefore, this banklines extraction method is more accurate than the traditional digitiza-
tion method. The digitization method has the chance of human bias because this method
human manually digitizes the bankline.
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Fig.2 Conceptual framework of the methods used

3.2 Estimation of erosion-accretion (EA) rate and its prediction
In the present work, the DSAS (version 4.3) extension tool of ArcGIS (version 8.1) has

been used to assess the rate of EA of the banklines. Subsequently, their predictions have
also estimated by using the reference extracted baselines and auto-generated transects.
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For the DSAS-based statistical output, two further models have been employed such
as end-point rate (EPR) model for computing present EA of the banklines and linear
regression (LRR) model to estimate the shifting of future banklines.

3.2.1 EPR model for calculating the bankline EA rate

The rate of change in the position of banklines is frequently applied to summarize
the historical bankline shifting and their future prediction. The model is based on the
assumption that the observed periodical rate of change of bankline position is the best
estimate for prediction of the future bankline (Fenster et al. 1993) and no prior knowl-
edge regarding the flow discharge or sediment transport is required because the cumu-
lative effect of all the underlined processes is assumed to be captured in the position
history (Li et al. 2001).

In the EPR model, based on the availability of data, the studied time period is divided
into four temporal datasets, i.e., 1973 to 1987, 1987 to 1997, 1997 to 2007, and 2007 to
2020 (Fig. 3). For each dataset, superimposed technique has been portrayed to demar-
cate bankline positions and achieved a final line of overlapping visualization and this
line is found out as a superimpose line. Afterward, a buffer of 100 m distance from the
superimpose line is used to draw toward the right for the right bank and left for the left
bank to demarcate the baselines. Therefore, transects have been placed at a 50-m gap on
the baseline. These transects are created at the acute angle to the baseline up to 15 km
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distance away from both banks. These transects are auto-generated with+0.5 m uncer-
tainties depending on the orientation of the baselines. Moreover, around 1347 transects
on the left banks and 1456 on the right bank are placed along the baseline with 50 m
spacing to cover the entire selected tracts (about 8.7 km) (Fig. 3).

Distance of bankline movement

EPR = — - @)
Time between earlier and recent

In EPR model, previous and recent data of two banklines are needed for this calculation.
Moreover, the model uses data of two years at a single time. For example, the model cal-
culates the EA between 1973 and 1987 based on the change, detected between the periods
1973 and 1987. Thereafter, 1987 to 1997, then 1997 to 2007, and finally 2007 to 2020 to
calculate the riverbank EA rates depict the shifting trend over periods.

The result of EPR is applied to calculate the rate of bankline migration and understand
the EA nature (Mukhopadhyay et al. 2012; Jana 2019). Therefore, we have used the ‘Y’ for
positions of the earlier (Y,;,) and the recent (Y,;)) bankline. In this attempt, it is used as ‘Y’ to
denote the projected bankline position which is estimated by the following equation:

Y = agpg + PeprX 3)

where X is the time interval (X, — X,;,) between earlier bankline (X,,,) and recent bankline
(Xi,)» agpr 1s the model intercept, and fgpr denotes the rate of riverbank shifting (slope or
regression coefficient).

On the other hand, EPR intercept is calculated by Eq. 4.

Yeb - Yrb } Yeb - Yrb
aEPR=Yb_{— Xo =Y =9 v % (X “)
¢ Xrb - Xeb ¢ Xrb - Xeb
The rate of bankline migration for a given set of transects, fgpg, is calculated by Eq. 5:
Y b T Y b
Pepr = { R } ®)
Xrb - Xeb

3.2.2 LRR model for predicting the bankline erosion-accretion/shifting rate

LRR model uses statistics of model generated baseline, which is demarcated by temporal
period of bankline migration. It has shown bank position of the subsequent year of the
selected time span. Therefore, the channel side position of the dataset 2020 is considered
as a common baseline to all sets. The result of this attempt has been scrutinized by the
least-square method (fitting a regression line) to predict the channel shifting and bankline
position (Thieler et al. 2009). For this, a regression line is placed to all linear series, points
along a user particular transect. Afterward, the river bankline migration rate is estimated
by fitting the least-square regression lines. This process was used for all selected bankline
of a particular transect. Therefore, this method is used for predicting the position. The
short-term (2025), intermediate-term (2035), and long-term (2045) basis with a period of
5 years, 15 years and 25 years, respectively, were used for prediction in this study. Moreo-
ver, position of bankline of 2020 was predicted for accuracy assessment.
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Then, the value of EPR is used to predict the future riverbank positions (¥,). This is
because the predicted riverbank position (X,;) can extend beyond the recent riverbank
(either at left or at right). Hence, Eq. 5 is modified and formulated through LRR by Eq. 6.

Yy, = {ﬂEPR (Xep — Xrb)} + 7Yy (6)

3.3 Determination for village-wise EA area

In this study, we also compared the bankline position of the river concerning selected
different datasets. After that, we calculated the EA rate separately for each period in the
selected village boundaries at the left bank. Therefore, village/mouza-wise EA was manu-
ally calculated with the help of ArcGIS (version 8.1) software.

3.4 BEHI measurement

BEHI is an important fluvial geomorphic tool for the analysis of the susceptibility of river-
bank erosion (Rosgen 2006). The BEHI methodology evaluates the function of some erod-
ibility variables including bank height, bankfull height, bank protection, bank combination,
vegetation root depth, root density, and bank material stratification. As per the guidelines
of Rosgen (2001, 2006) (Table 3), BEHI score has been calculated. All collected primary
data of 29 samples of the left bank (facing downstream) by the field survey have been used
for BEHI score calculation (Simpson et al. 2014; Ghosh et al. 2016) (SM 2).

3.5 Calculation of REBVI

We have measured 29 samples of riverbank properties for calculation of REBVI score
(Mondal et al. 2012). Detailed observations of breach parameters such as bank materi-
als and geotechnical attributes (soil texture, bulk density, plasticity index, compressive
strength, and safety factor), the geometry of embankment (bank top height, base width, and
bank slope), and hydraulic pressure (water height) have been investigated.

The embankments breaching has been calculated to a multi-criteria approach for all of
the input variables. We have utilized weighting systems based on the values from 0 to 4,
where ‘4’ means very highly vulnerable, ‘3’ highly vulnerable, ‘2’ moderately vulnerable,
‘1’ less vulnerable, and ‘0’ very less vulnerable. Therefore, based on their importance and
stability of materials to the potential of embankments breaching a set of continuous data
have ranks from 1 to 5. The ranks assigned to different features of the individual themes are
presented in Table S2. After deriving the normal weights and ranks, all individual param-
eters have been integrated in a linear model to determine REBVI using Eq. 7.

REBVI = (Rgr X Wsr) + (Rgp X Wgp) + (Rgg X Wgp) + (Rpg X Wiy) + (Rgg X Weg)(Rwy X W)
)
where R=rank value, W=weight value, ST =soil texture, BD =bulk density, SF =safety

factor, TH=top height, BW=base width of embankment, BS=bank slope, and
WH =water height (SM3).
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3.6 Model validation methods

DSAS model has been used for estimating the future riverbank EA and future bankline
position. But before the future prediction, the model has to be validated with the current
circumstances (Mukhopadhyay et al. 2012; Jana 2019). Therefore, the LRR method is
employed to predict future bankline position based on EPR (slope), interval, and intercept
value. Based on this, the estimated bankline position of 2020 is calculated and the pre-
dicted bankline is verified with the actual bankline 2020. It is demarcated from the satellite
image of 2020. The positional error is estimated using RMSE. It is carried out using Eq. 8.

1/2

RMSE = |n~! Z (me _Xab)2 + (Ymb — Yab)2 )

i=0

n

where X, and Y, are the model estimated bankline and X,, and Y, are the actual bankline
in X (time) and Y (position) coordinates the sample points, respectively.

Potential errors are associated with satellite maps (datum changes, different surveying
standards, projection errors, distortions from uneven shrinkage, etc.) (Anders and Byrnes
1991). In the work, four type errors are identified for measuring the rate change, and it may
be of both position- and calculation-related errors. Calculation uncertainties are related to
the skill and approach such as pixel error E,, digitizing error E4, and rectification error
E,, and positional uncertainties are related to the features and phenomena that reduce the
precision and accuracy of defining a bankline (both) position from a given dataset such as
seasonal error E, (Kankara et al. 2015). Finally, total uncertainty value was estimated for
each bankline by accounting both positional and measurement uncertainties as:

Bt = +./E, + E4 + E, + E, )

The bankline positional error is also verified with 100 GCPs collected from the field
survey during 2019-2020. Out of these, GCPs and 29 GCPs have been used for BEHI and
REBVI calculation. The RMSE and t-test are adopted for the model validation of estimated
banklines (left and right), which gives an accurate portrayal between actual and predicted
banklines.

4 Results
4.1 DSAS-based riverbank EA and future prediction assessment

The DSAS model-based transect-wise riverbank EA trend is illustrated in Table 4 and
Fig. 4. The result from 1973 to 1987 depicts that the mean erosion rate was 0.129 km/year
at the left bank and 0.61 km/year at the right bank. Among the transects, 661 at the left
bank and 548 at the right bank were erosion-dominant transects. The EA rate and the num-
ber of the affected transect indicated that the channel was very active through the erosion
process of both sides of the banks. Therefore, the correspondence of high erosion at both
banks indicated channel widening.

During 2007-2020, the mean erosion rate of the left bank was 0.168 km/year and mean
erosion rate of the right bank was 0.079 km/year. Among the transects, 455 at the left bank
and 296 at the right bank were erosion-dominant transects (Fig. 5). In this observation, the
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Fig.4 DSAS model-based prediction of riverbank erosion and deposition rate along transects during the
different study periods, at the both banks. a Right bank and b left bank of 1973-1987; ¢ right bank and d
left bank of 1987-1997; e right bank and f left bank of 1997-2007; g right bank and h left bank of 2007-
2020; i right bank and j left bank of 2000-2025; k right bank and 1 left bank of 2025-2035; m right bank

and n left bank of 2035-2045

left bank experiences extensive erosion and disproportionate sediment accretion along the
right bank. This result indicates a widening river course triggered by persistent erosion on
both banks; as an overall result, the river channel shifts toward the left bank with a large
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extent of sedimentation at the right bank. Also, we observed that from 1973 to the present
time bank erosion of left bank is concentrated pocket places from all over banklines. In
recent times, erosion of the left bank has consented lower part of the study area.
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Fig.5 (continued)

According to the short-term prediction (2020 to 2025), the mean erosion and accre-
tion rates of the bankline are expected to be 0.089 km/year and 0.032 km/year at the
left bank and 0.045 km/year and 0.060 km/year at the right bank, respectively (Fig. 5).
Based on the medium-term prediction (2020-2035), it is anticipated that the average
erosion and accretion rates will be 0.151 km/year and 0.019 km/year at the left bank
and 0.043 km/year and 0.026 km/year at the right bank, respectively. The long-term
prediction (2020-2045) suggests that the bankline mean erosion and accretion rates are
estimated to be 0.164 km/year and 0.021 km/year at the left bank and 0.031 km/year and
0.045 km/year at the right bank, respectively. These findings indicate that the erosion
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Fig. 6 Spatial pattern of bankline migration after prediction in the years 2020, 2025, 2035, and 2045

process will likely dominate the left bank of the riverbank shifting through EA in future
(Fig. 6).

4.2 Village-wise spatial distributions of erosion-accretion and future prediction
analysis

This study provides a detailed portrayal of the spatial distributions of erosion and
accretion across 100 villages located in the buffer zone of the Ganga River, specifically
the adjacent village areas of Malda district, during the period of 1973-2045 (Fig. 7).
The overall results of the study indicate that regular erosion was observed in 13 vil-
lages, while three villages experienced consistent accretion throughout the entire study
period. From 1973 to 2020, the Palgachhi, Jagannathpur, Gadai, Narayanpur, Man-
ikchak, and Gopalpur villages become the most eroded or vulnerable villages. During
the predicted period from 2020 to 2045, 21 villages will show active erosion in this
vulnerable villages in future.
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Fig.7 Spatial distributions of erosion and deposition area at the left bank buffer mouza/villages during the
periods a 1973-1987, b 1987-1997, ¢ 19972007, d 2007-2020, e 2020-2025, f 2025-2035, and g 2035-
2045

Table 5 DSAS model-based results of RMSE and Student’s t-test

Transects number Bankline position (Actual 2020 and RMSE (p<0.05) Two-tail
predicted 2020)
0-336 Left bank 0.192 0.114
0-364 Right bank 0.124 0.129
337-673 Left bank 0.131 0.165
365-728 Right bank 0.247 0.236
674-1009 Left bank 0.211 0.203
729-1092 Right bank 0.171 0.209
1010-1347 Left bank 0.139 0.019
1093-1456 Right bank 0.103 0.208

4.3 Model validation

The linear regression rate (LRR) was 2.4 m/y (left bank) and 2.2 m/y (right bank)
for all transects. The band of confidence around the reported rate of change was
—2.6+0.78. Therefore, it can be 88% confident that the true rate of change is between
3.21 and 1.79 m/year. Also, R* (0.82 for the left bank and 0.79 for the right bank) value
justified the acceptance of the work (Supplementary Fig. 1). Therefore, the riverbank
uncertainty was sated at 5 m at both banks during the model run. The RMSE at each
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Fig.8 Sample segment (location)-specific mean BEHI ratings along the left bank of the Ganga River, a low
BEHI score area (7.25) at Deonapur, b low BEHI score area (22.75) at Jagannathpur, ¢ high BEHI score
area (42.45) at Jot Bhabani, d high BEHI score area (43.95) at Gopalpur

transect point was placed by error vectors, and the BS varies from 0.103 to 0.247 with
an overall mean error of 0.165 (Table 5). The t-test results reveal that the model has
a good prediction capacity (p <0.05). Therefore, this result was accurately matched
with the predicted bankline position corresponding with the actual bankline position
(Fig. 6).

4.4 BEHI assessment

The selected variables of 29 samples used for BEHI scores were rated, and based on these
ratings, an erosion hazard value map for the left bank has been created (Fig. 8). The find-
ings indicate that out of the 29 sample segments analyzed, 14 were deemed to be at a very
high to extremely vulnerable level of bank erosion hazard due to toe erosion caused by
helical flow. Consequently, these villages were identified as highly dynamic erosional areas
in the study. In contrast, five segments were rated as having low to very low vulnerability
to bank erosion hazard, which can be attributed to factors such as low slope, sedimenta-
tion, and the presence of riparian vegetation, as well as engineering constructions such as
embankments and spurs. In this analysis, we observed that in the upper part of the Farakka
barrage, BEHI value was high to the extreme, but at the lower stretch of the Farakka bar-
rage, BEHI value was low to very low (ST3). The values of bankfull height were very high
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Fig.9 Sample segment (location)-specific mean REBVI ratings along the left bank of the Ganga River, a
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in most of the bank segments of the upper part of the Farakka barrage because the water
levels rise significantly during peak monsoon season.

4.5 REBVI assessment

The REBVI outcome of selected variable of 29 samples depicted that highest score was
less potential for the embankment breaching or riverbank erosion (Table 8). The REBVI
score was distributed across five categories, namely very high (a score of less than 40 indi-
cates the high potential to prevent embankment breaching and ensure slope stability), high
(scores ranging from 41 to 50), medium (51-60), low (61-70), and very low (scores greater
than 70 indicate a very high probability of embankment breaching due to bank failure, pip-
ing, and overtopping). According to the REBVI score, Suzapur Mandai (S24) and Par Par-
anpara (S27) were the potential to prevent riverbank erosion and potential for slope stabil-
ity. Gopalpur (S13) was a very high probability of riverbank erosion due to bank failure,
piping, and overtopping (Fig. 9). Also, nine sample segments have a high probability of
embankment breaching (ST4).
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5 Discussion

The lower part of the Ganga River has been facing high channel shifting and high bank EA
almost every year and continuously changed its buffer areas with time. Our study findings
are supported by the works of Ashraf and Shakir (2018) and Jana (2019) where they have
clearly demonstrated the role of the DSAS model rather than traditional approaches. How-
ever, in riverbank erosion, such automated DSAS models are rare in the study regions. Our
study attempted to foster a scientific calculation of erosion risk in the context of massive
riverbank erosion of the Ganga River which is unknown in the previous attempts (Pal and
Pani 2019; Majumdar and Mandal 2020; Raj and Singh 2020; Ashwini et al. 2020; Sarif
et al. 2021). The present study indicates that the Ganga River study area displayed high
levels of erosion activity on its left bank while demonstrating significant accretion activ-
ity on its right bank. The DSAS-based prediction suggests that the same trends observed
in the present analysis will persist into the future. Furthermore, our observations indicate
that the upper part of the Farakka barrage is the most dynamic channel, which is evidenced
by frequent migration. In contrast, the lower section of the barrage displays relatively sta-
ble and sequential movement along the left bank. Over the past 47 years, the course of
the Ganga River has undergone a significant and highly dynamic adjustment to meet its
evolving needs. However, this change in channel behavior has occurred in a dramatic and
potentially dangerous manner, highlighting the need for a thorough assessment. Nonethe-
less, the process of understanding the underlying causes and implications of these changes
is exceedingly complex.

The river Ganga changes its bank morphology and land utilization practices along
river bank adjacent area during the monsoon period (from June to September). Accord-
ing to Singh et al. (2007), after the Farakka barrage construction (1971) flood frequency
is rapidly increased. In 1998, extreme floods occurred that has caused the highest water
level ever for the study area which was recorded at 25.40 m (District Human Development
Report: Malda, West Bengal, 2007). For the study part of the Ganga River, it is observed
that erosivity of water is affected by the amount of discharge and fluctuation in the river
regime of the Ganga River which in turn induces bank erosion by various mechanisms,
especially by piping action (Rudra 2010; Thakur et al. 2011). Thus, in the Ganga and the
Fulahar rivers, the danger level is 24.69 m to 27.43 m and the extreme danger level is
25.30 m to 28.35 m (Flood Forecasting Cell, Irrigation Division, Malda, 2010) (Fig. 10).

- 1985
-9 1998
——2005
—-2010

Yellow Mark
~— Red Mark

Waler Linein mekes

July August September October
Months

Fig. 10 River flow characteristics during the monsoon at Farakka 1985-2010 (the yellow mark denotes the

danger water level and red mark denotes the extreme danger water level) (Source: Flood Forecasting Cell,
Irrigation Division, Malda, 2010)
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At this time, the high discharge of water forcefully hits the river banks and the bank of the
river to collapse due to the imbalanced pressure. This part of the Ganga River has possibly
been changed due to the construction of the Farakka barrage that asserts exclusively to the
continuous aggradations sand and gravel bar formation. Sediment supply and its deposition
under fluctuating discharge disturb the morphology of a river (Bandyopadhyay et al. 2014)
and lead to entropy maximization that induces instability. Moreover, we have calculated
charland (deposited inland bar) area of the study area which depicts that charland area has
gradually increased during the study time period. During the last 47 years (1973-2020), the
total charland accretion is 362.06 km? and the annual charland accretion rate is 7.70 km?/y
(Fig. 11). This huge sediment load in the monsoon period has a significant impact on chan-
nel instability in this study area.

However, this work provided a dataset of the village-wise EA of the river Ganga buffer
area in Malda district. Previous works have failed to provide village-wise erosion data, and
even governmental data remain unavailable, despite their crucial importance in scientific
management. This lack of data represents a significant gap in our understanding of erosion
patterns and limits our ability to develop effective management strategies. In the study, six
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villages were very vulnerable villages for severe erosion. Besides, 21 villages will be noted
as highly vulnerable villages in future.

Erosion and accretion are closely related to BEHI and REBVI. The BEHI assesses
the likelihood and magnitude of bank erosion by considering factors such as soil type,
vegetation cover, and bank height. BEHI helps to identify areas that are vulnerable to
bank erosion and prioritize the implementation of appropriate conservation measures.
On the other hand, the REBVI evaluates the vulnerability of river embankments to fail-
ure and breaching, which can lead to severe erosion and accretion. REBVI considers
various factors such as bank materials, geotechnical attributes, the geometry of embank-
ment, and hydraulic pressure to assess the likelihood of embankment failure. The results
of both indices can inform the selection and implementation of appropriate conserva-
tion strategies to mitigate erosion and accretion, such as the installation of hard or soft
engineering structures or sustainable land-use practices. During our investigation, we
noted that in the upper part of the Farakka barrage, both BEHI and REBVI values were
observed to be extremely high, whereas in the lower stretch of the Farakka barrage,
BEHI and REBVI values were found to be low to very low. Furthermore, we discovered
a very high rate of erosion in the upper part of the Farakka barrage, which highlights the
need for further investigation and management strategies in this area. Therefore, under-
standing the relationship between erosion and accretion with BEHI and REBVI is essen-
tial for effective management of riverine environments and communities.

Riverbank erosion is a significant threat to riverine communities, infrastructure,
and the environment. Therefore, various conservation strategies have been developed
to manage this issue, including vegetative bioengineering, hard and soft engineering
structures, and sustainable land-use practices. However, implementing these strategies
presents various challenges, such as the lack of long-term effectiveness, financial con-
straints, and limited stakeholder involvement. Additionally, future challenges include
the increasing frequency and severity of extreme weather events due to climate change,
which can exacerbate riverbank erosion. As a result, there is a need for a continuous
research and development of innovative conservation strategies, stakeholder engage-
ment, and policy changes to ensure the long-term sustainability of riverine ecosystems
and communities.

6 Conclusion

The study findings provide important insights into the riverbank EA rates of the lower part
of the Ganga River. The study’s predictions of the EA rates using the DSAS model and the
calculation of the village-wise EA are also significant contributions to the study. Moreover,
BEHI and REBVI calculation of the left bank is a crucial contribution to the understanding
of the nature of embankment and riverbank. The results indicated that both banks of the
river were highly dynamic from 1973 to 2020 through the EA process, but the left bank
was more active than the right bank. Moreover, the erosion process is predicted to domi-
nate the left bank in future. The prediction result reveals the very highly vulnerable condi-
tion of 06 villages and 21villages for highly vulnerable due to left bank erosion. During
our investigation, we noted that in the upper part of the Farakka barrage, both BEHI and
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REBVI values were observed to be extremely high, whereas in the lower stretch of the Far-
akka barrage, BEHI and REBVI values were found to be low to very low. The study also
validated the DSAS model’s accuracy, indicating its acceptance for the work.

During this research, we encountered several challenges, such as the lack of actual vil-
lage-wise social and physical data, river discharge data, river siltation data, and river cross-
profile data. Additionally, we noted the absence of governmental management reports that
would contribute to a better understanding of bank erosion and vulnerability. The study
presents critical insights that can assist decision makers in prioritizing vulnerable villages
and implementing policies and programs aimed at attaining sustainable management while
minimizing the effect of future riverbank erosion on the local population. The research
underscores the pressing requirement for policy alterations and sustainable development
initiatives in the study region, emphasizing the need for prompt action to address the issue
of riverbank erosion. To ensure the long-term effectiveness of the proposed recommenda-
tions for reducing riverbank erosion, future research must concentrate on examining the
potential impact of social programs, infrastructure development, and sustainable manage-
ment plans on the lower Ganga River and its environs.

Supplementary Information The online version contains supplementary material available at https://doi.
0rg/10.1007/s11069-023-06044-4.
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