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Abstract

Barak River is highly meandering rivers flowing through the alluvial plains of Assam in India. However, due to dynamic system,
it is found that channel being subjected to regular shifting which creates uncertainty to the habitants residing nearby the river.
Therefore, it is anticipated to carry out a study regarding changes in channel morphology and prediction of centerline channel
migration during 1984-2030, using multiperiod Landsat remote sensing images along with autoregressive integrated moving
average model (ARIMA). From morphometric analysis, it was found that the mean value of meander length (4} ), meander width
(Mp), and meander ratio (My) indicates an increasing trend, while sinuosity (C), wavelength (\), and radius of curvature (R¢)
show a decreasing trend. The outcome of ARIMA model specifies that channel shifting of mid-line is going to change suddenly
either to rightward or leftward directions. Throughout the whole alluvial part of the Barak River, rightward side is recognized as
major concern. Observed and predicted values have shown a good R? value (R*=0.89 and R*=0.88) at CS-30 and CS-18
respectively. Also, lowest RMSE is observed at CS-12 and highest RMSE is observed at CS-21. Finally predicted values were
generated for the estimation of centerline channel shifting between two time intervals (2017-2023 and 2023-2030), which shows
that the channel shifting of the river basin will occur at many regions particularly at critical sections. Overall, the findings of this
study could be used further in river training works and in understanding the future dynamics of channel.
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Introduction out all round the world (Fargue 1867; Jefferson 1902; Leopold

and Wolman 1957; O’Boyle 1981; Williams 1986;

In the alluvial plains, common plan shape acquired by rivers is
meandering. “The word meandering is derived from the
Menderes River, located in southwestern Turkey, and in an-
cient times known as Maiandros”(da Silva et al. 2017).
Natural rivers and their processes are the most significant geo-
morphic systems which is active on the surface of the earth.
An intensive research of meander planform has been carried
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Magdaleno and Fernandez-Yuste 2011; Howett 2017). First
attempt was made by Fargue (1867), in order to describe the
meander planform and suggested that meandering rivers have
one mandatory property, namely “the continuity of the change
in curvature.” Throughout history, meandering rivers have
played an essential role in the improvement of human civili-
zation such as water supply, agriculture, inland navigation,
and supporting rich aquatic life. Morphology of the rivers is
changing over both space and time scales due to erosion of
inner bend and deposition of outer bend. The primary source
of sedimentation in the river is its own bank erosion (De Rose
and Basher 2011). The other sources of sedimentation are
adjacent land use, topography, bank soil composition and its
shear strength, discharge parameters, and watershed area
(Zaimes et al. 2004). Lot of practical challenges has been
posed by meandering river because of their dynamic nature
(Inglis and Lacey 1947; Jansen et al. 1994; da Silva et al.
2017; Rocaetal. 2007). Because of these reasons, meandering
has attracted the attention of researchers all around the world
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for a long time and has assembled a lot of scientific questions
requiring an answer. Anthropogenic activities like construc-
tion of dams, irrigation, and infrastructural development have
a deep impact on the natural flow of the river, thus affecting
the sediment transport processes which in turn affects the
meandering pattern and dynamic behavior of the river
(Wellmeyer et al. 2005). Sometimes these human interfer-
ences play more dominant role than the natural forces causing
autogenic rivers to lose their dynamic equilibrium, thus lead-
ing to overexploitation of natural resources and variation of
streamflow (Heitmuller et al. 2017).

Through space and time, the channel migration of river is
critical to various geomorphological and river management
problems (Milton et al. 1995). Under turbulent conditions of
flow, variations occur in the fluid flow and sediment discharge
which is associated with the positional change of the river
channel known as lateral migration (Yang et al. 1999).
Channel shifting is a geomorphological phenomenon that
has been of interest to geologist, geomorphologist, and engi-
neers and has been studied in last few years by various re-
searchers (Pati et al. 2008; Tangri 2000; Das et al. 2007). In
order to understand the process assigned to river channel
shifting, a study has been conducted by Pati et al. (2008) on
Majuli island, situated on the middle of river Brahmaputra in
Assam. In this study, they observed the trends of erosion in a
small part of Majuli island, the area near Kaniajan village in
south Majuli—a stretch of about 11 km, using satellite data of
1991, 1997, and 1998. Lawler (1993) has conducted a study
on the measurement of river bank erosion and channel shifting
using various methods in his study such as sedimentological
evidence, botanical evidence, historical sources, planimetric
resurvey, repeated cross-profiling, erosion pins, and terrestrial
photogrammetry. Fluvial and meandering analysis for the
Talar River in Iran has been done using GIS and remote sens-
ing (RS) data (Yousefi et al. 2017). Numerous other studies
have investigated the morphological changes of major river
basins such as Ganga River in Allahabad, India (Pati et al.
2008); Jamuna River, Bangladesh(Mount et al. 2013);
Brahmaputra River, India (Archana et al. 2012); Tammaro
River, Italy (Magliulo et al. 2016); Vaitarna and Ulhas
Rivers, India (Das and Pardeshi 2018); Pestan River, Serbia
(Djekovic et al. 2016); the middle Yangtze River, China (Xia
et al. 2016); and Ganges-Padma River system in Bangladesh
(Dewan etal. 2017). It has been observed that the Ganga River
has changed its course from straight to the braided channel
(Dhari et al. 2015). But it is opposite in the case of Yellow
River in China, where the river changes from braided to the
weak meandering river with decrease in the flow (Yang et al.
1999). The assessment of erosion rate of this river is also done
using satellite imagery and remotely sensed data (Chu et al.
2006). Abnormal faults and subsidence position affected the
changes in meandering pattern of the Tisza River (Timéar
2003). Taking 80 years historical data into account, a study
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on Ebro River in Spain revealed a 7-km shift in a reach (Ollero
2010). These studies reveal that methods of morphometric
analysis and with geospatial techniques are useful in analyzing
the dynamics of channel over different time scales. However,
comprehensive study of the channel shifting along with the
morphometric analysis of the river in the near future period of
time in the existing literature has not yet taken into
consideration.

Lateral migration creates geomorphic hazards, and
predicting and preventing this migration are both difficult
and necessary. For prediction of meander migration of a river,
several models are available. Majority of these models are
based on database of observed data (e.g., Keady and Priest
1977; Nanson and Hickin 1983; Hooke 1980; Brice 1982).
However, these equations are limited by the extent of the
database and the selection of the parameters for a specific site.
As the river system is dynamic and is having random proba-
bility distribution which can be analyzed statistically but may
not be predicted precisely, various numerical models such as
regression model and artificial neural networks are applied in
the river system produce results which possess lot of uncer-
tainties (Heo et al. 2009).

In order to understand the problems of river management,
an appropriate understanding is needed that how the channel
has migrated through definite period of time (Yang et al.
1999). Regardless of that, a lot of research has been done from
decades on bank line migration but knowledge on the subject
is imperfect, with much work remaining to be done. Different
measurement techniques are required for the estimation of
bend especially for the places where bank failure is mostly
because of extreme flood events and large return periods
(Grove et al. 2013). Therefore, studies of channel morphology
are essential to evaluate the natural and human influences on
morphometric parameters and channel dynamics (Friend and
Sinha 1993; Graf 2000).

In Assam, the Barak River flows through alluvial plains
and travels almost 102 km in a zigzag manner before entering
into Bangladesh. Bank erosion is a regular phenomenon in the
alluvial plains of the river, leading to the shifting of'its course.
Besides, there are several locations on the Barak River where
significant bank shifting is observed which can have a devas-
tating effect on the economy and livelihood of the people in
near future. Despite all these evident changes in the river
channel, no study has been carried out until date to understand
the nature and cause of this river migration. In the literature, it
is found that no study related to the channel migration has
conducted on this river. Therefore, considering the importance
of'this river and its catchment area, it is intended to carry out a
study through which the dynamics of the Barak River can be
understood and which will further figure out the actual
meandering characteristics of this type of river all over the
world. The motivation for the research reported herein is to
focus on changes in river morphometric parameters and
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shifting of centerline channel in order to understand the dy-
namics of channel of alluvial part of Barak River in the present
as well as for future period of time. We try to make an effort
on detecting the meandering characteristics and prediction of
centerline channel shifting (i.e., 102 km and 33 years) based
on Landsat remote sensing images and ARIMA modeling.
The detailed aim of the study is outlined as follows:

(i) To analyze the changes in river morphometric parameters
in the alluvial part of Barak River.
(i) To develop a centerline channel shifting river migration
prediction model for the Barak River.
(iii) Prediction of centerline channel shifting in the alluvial
part of the Barak River from 1984 to 2030.

Outcome of the proposed research will definitely help the
government in decision making, management, and implemen-
tation of future projects.

Methodology
Study area

The Barak River is the second largest river in the northeastern
region in India. The Barak River sources are in the Patkoi
hills. The drainage area of the river is 24,220 km? up to
Badarpur Ghat with a population of 2.98 million. The Barak
River starts off from Japvo mountain of Manipur hills at an
elevation of 3015 m and follows the course south all the way
through hilly terrain up to Tipaimukh close to the tri-junction
of the three states: Assam, Manipur, and Mizoram. At this
point, the river takes a hairpin curve and enters into the plains
of Cachar district of Assam and figures the border of states of
Assam and Manipur up to Jirimat, slight upstream of
Lakhimpur. Then the river flows through westwards of the
Barak valley of Assam. Finally, it enters into Bangladesh
where it is known as the Surma River and Kushiyara River.
The study area extending from Fulteral Ghat to Badarpur Ghat
is located in the state of Assam (Fig. 1). “The Barak basin lies
between 89° 50’ E to 94° 0" E and 22° 44' N to 25° 58’ N.” Bed
gradient of Barak River is flat and from upper reach to lower
reach, it varies from 1:10,000 to 1:20,000 respectively (Jain
etal. 2007). As stated by census of India 2011, the population
growth rate is 17.93% in the Barak valley (Deb and Sil 2019).
Geological structures like faults, stratigraphic characteristics,
and tectonic activity have profound impact on the river mor-
phology. Other factors which affect the bank erosion are geo-
logical structures like faults, folds, lineaments, tectonic activ-
ity of an area, bed load, and the varied lithology along the river
course. Active tectonics can cause steepening or reduction of
the river gradient, thus destabilizing the natural equilibrium of
the river (Dar et al. 2014). In order to sustain the equilibrium,

the river exhibits change in its course, cross-sectional shape,
bed and bank erosion, and the meandering pattern (Dar et al.
2014). These changes in the planform geometry of the river
are reflected in the variation in channel pattern, channel mor-
phology, degradation, and aggradation (Schumm 1973).
Sometimes due to deposition of debris bed load, the river
raises its bed, thereby decreasing the depth and increasing
the river oscillation leading to bank erosion. Geological and
morphotectonic issues of the Barak River can be found in the
existing literature of Evans (1932, 1964), Raju (1968), and
Seshavataram et al. (1998) during the assessment of hydrocar-
bons. Fold belt region of Barak River is tectonically
surrounded on all four sides. Towards the north side, it is
bounded by Dauki. Fault and in the east side, it is bounded
by Haflong-Disang Thrust, and on the south side, it is bound-
ed by Arakan-Yoma Fold Belt, while as on the west side, it is
enclosed by Hail-Haka-Lulu Lineament and Chandpur-
Barisal High (Nandy et al. 1983).

Barak basin has sub-tropical warm and humid climate and
receives an annual rainfall of 2500-4000 mm with more than
80% of the annual rainfall occurring from April to October
(Choudhury and Ullah 2014). The weather dataset are collect-
ed from Cachar meteorological stations which are located
within the basin for the period 1911-2012. The mean annual
Tnin and Tpax ranged from 17.74 to 19.617 °C and 25.147 to
29.652 °C respectively. The vegetative cover along the river
bank is thin. The main type of plant communities is bamboo
brakes (Bambusoideae), wet as well as dry grasslands
(Phragmites karka), and savannahs (Apluda mutica).

Database

The Landsat images of the Barak River of various years such
as 1984, 1992, 2002, 2012, and 2017 are obtained from
United States Geological Survey (USGS). Complete informa-
tion of Landsat images for the present study is shown in
Table 1. The Shuttle Radar Topography Mission (SRTM)
provides the river network of the Barak River obtained from
digital elevation model (DEM), resolution of 30 m which was
downloaded from http://earthexplorer.usgs.gov.

Processing of data and analysis

In the present study, five satellite images have been analyzed
to investigate the morphological changes in the alluvial part of
the Barak River. Morphometric parameters for all of the me-
ander loops for different time periods (1984, 1992, 2002,
2012, and 2017) were measured using different measurement
tools in ArcGIS 10.2.2 and AUTOCAD 2012. Bank lines and
channel centerlines were digitized and alluvial part of the
Barak River was divided into 12 reaches from upstream to
downstream within a distance of 102 km for morphometric
parameters and morphological changes. River was divided
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Fig. 1 Location map of the study
area showing Barak River
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into 41 cross-sections from upstream to downstream which
are based on satellite images, e.g., 1984, 1992, 2002, 2012,

and 2017, to detect the changes in the width of river. Easy
accessibility and freely downloaded are the main reasons to

Table 1 List of Landsat satellite

images information Satellite Sensor Path/ Band used Resolution Date (dd/mm/year) Source
row

Landsat 1 MSS 136/43 4,5,6,7 60 m 02/01/1984 USGS

Landsat 2 ™ 136/43 1,2,3,4 30 m 07/12/1992 USGS

Landsat 5 ET™M" 136/43 1,2,3,4 30 m 01/02/2002 USGS

Landsat 7 ETM 136/43 1,2,3,4,5 30 m 25/02/2012 USGS

Landsat 8 OLI 136/43 1,2,3,4,5,6,7 30 m 20/12/2017 USGS
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use Landsat images in the current research. All the available
images were downloaded but only clear images were ana-
lyzed. Methodology for the measurement of bank line and
shifting of mid-channel between different years can be found
in the existing literature of Hughes et al. (2006), Thakur et al.
(2012), Deb and Ferreira (2015), Jaskuta et al. (2018), and
Nawfee et al. (2018). After downloading the Landsat data, it
was subjected to line de-stripping as scanning error (line strip-
ping was found), and also the radiometric error and haze cor-
rections were carried out using ERDAS IMAGINE software.
Then the MSS data was resampled to 30 m resolution and all
the data was georeferenced using various control points which
improved positional accuracy. Finally, the data was exported
to ARCGIS for the extraction of study area, river, and cross-
sections. To study the change in centerline channel migration,
a total of 41 cross-sections are considered from upstream to
downstream. The sequences of cross-sections are numbered
from upstream to downstream. Shifting rates of the river are
calculated along all the cross-sections from upstream to down-
stream during different time periods from the following for-
mulae:

_Vz
”—T (1)

where

r  “shifting rate (m/year).”

v “intersection point between midline channel and cross-
section of the first river.”

z  “intersection point between midline channel and cross-
section of the river which is compared to the first one.”

t  “time difference between the images used in the analysis.”

Methodology for the measurement of morphometric pa-
rameters such as meander length, meander width, meander
ratio, sinuosity, wavelength, radius of curvature, and width
can be found in the existing literature of Henshaw et al.
(2013), Nicoll and Hickin (2010), and Yousefi et al. (2016).
Landsat data have been used for geomorphological analysis
by various researchers such as Chu et al. (2006), Peixoto et al.
(2009), Ahmed and Fawzi (2011), Thakur et al. (2012), and
Henshaw et al. (2013) and have focused on the morphology of
channel changes which gives us more confidence to use the
Landsat data for the present study. To calculate the sinuosity
ratio (SR), the river was divided into twelve reaches starting
from upstream to downstream. The formula of sinuosity given
by Schumm (1973) is used to calculate the sinuosity ratio
which is given below.

_ Channel Length

SR = 2
Valley Length @)

ARIMA modeling

In this study, ARIMA time series model popularized by Box
and Jenkins (1970) was employed and is widely used in the
applied stochastic time series models (Pourbakhshian and
Pouraminian 2015). In order to better understand the data
and predict future points in the series, ARIMA model is fitted
to time series data. If the series has no trend and is having
constant mean and variance, it is said to be stationary series;
otherwise, it is considered as non-stationary. As per Box-
Jenkins approach, time series modeling is done in four steps:
(i) stationarity and normality is checked through differencing
and transformation of the series; (ii) estimation of autocorre-
lation (ACF) and partial autocorrelation function (PACF) to
select a tentative model and calculate the amount of linear
dependency between observations in a given time series; (iii)
use of ACF and PACF to decide whether to include
autoregression terms, moving average terms, or both; (iv)
build the model and set the number of periods to forecast
and compare the predicted values to the actual values in the
validation sample. Time series analysis was performed on
centerline channel values. In evaluating the performance of
ARIMA model, the model that has minimum Bayesian infor-
mation criterion (BIC) is chosen and validated for centerline
channel datasets.

Results and discussion
Changes in river morphometric parameters

During the entire period of the study, Fig. 2 points out that the
maximum length of meander was 5496 m at reach-3
(Neairgram part-ii) in 2002 and minimum length of meander
was 1643 m at reach-12 (Chapra) in 2002. Mean values of
meander length of the Barak River from 1984 to 2017 indicate
an increasing trend. A similar range of results has been ob-
served in Manu River of Bangladesh by Mithun et al. (2012)
and Bhagirathi River of West Benga by Islam and Guchhait
(2017). Figure 3 shows that the maximum width of meander
was 3159 m at reach-8 (Bhairabnagar) in 2012 and minimum
width of meander was 559 m at reach-1 (Govindapur part-ii)
in 1992. Mean values of meander width of the Barak River
from 1984 to 2017 indicate an increasing trend. Figure 4
shows that the maximum meander ratio was 1.2 at reach-12
(Chapra) in 2017 and minimum meander ratio was 0.19 at
reach-1(Govindapur part-ii) in 1984. Mean values of meander
ratio of the Barak River from 1984 to 2017 indicate an increas-
ing trend. Figure 5 shows that the maximum sinuosity was
4.25 at reach-1 (Govindapur part-ii) in 1992 and minimum
sinuosity wasl.18 at reach-11 (Polarpar) in 1984. In 1984,
sinuosity values observed are high (> 1.5) for all the reaches
except for reach 11 and reach 12 which indicates the
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meandering nature of the river, although in 2017, there is a
slight decrease in the values of sinuosity and river tries to
straighten its course. The sinuosity of all the reaches for the
year 1984 ranged from 1.18 to 4.25, with a mean and a stan-
dard deviation value of 1.85 and 0.738 respectively. Similarly,
sinuosity of all the reaches for the year 2017 ranged from 1.23
to 2.48, with a mean and a standard deviation value of 0.754
and 0.45 respectively. During 1984 at reach-1, Barak River
was flowing through the highly meandering channel with the
sinuosity of 4.25, but after that period, it started to straighten
its course through releasing meander necks/cutoffs, migrated
inwards, prolonged with a great deformation in shape, leading
to the formation of an oxbow lake. Neck cutoff and re-
development have also been observed at reach-3, and also
apex of reach-3 is deflecting inwards, with migration rate of
33.07 m/year from 1984 to 2017. At this rate and continued
pathway migration, the possibility of cutoff formation is high
in near future. The sinuosity of the Barak River at various
locations decreased from 1984 to 2017. This decrease is
mainly attributed to the cutoff in the two meanders at the
upstream location, although for most of the reaches,
sinuosity was more than 1.5 and the river was meandering.
Mean values of sinuosity of the Barak River from 1984 to

2017 indicate a decreasing trend. Leopold and Wolman
(1957) suggested that if the value of sinuosity is greater than
1.5, channel is considered to be a meandering channel. The
overall high sinuosity values of the studied river are compa-
rable with the results reported by Debnath et al. (2017) (S.R ~
1.75-2.30), Bag et al. (2019) (S.R ~1.70-2.14), and Mithun
et al. (2012) (S.R ~2.39-2.48). Figure 6 shows that the max-
imum wavelength of meander was 7637 m at reach-12
(Chapra) in 1984 and minimum wavelength of meander was
918 m at reach-1 (Govindapur part-ii) in 1984. Mean values of
meander wavelength of the Barak River from 1984 to 2017
indicate a decreasing trend. Figure 7 shows that the maximum
radius of curvature of meander was 1238.27 m at reach-3
(Neairgram part-ii) in 2002 and minimum radius of curvature
of meander was 329 m at reach-6 (Nabapally) in 2017. Mean
values of radius of curvature of the Barak River from 1984 to
2017 indicate a decreasing trend. Channel wavelength and
radius of curvature alone are not able to reveal any qualitative
or quantitate measure of meander intensity. However, there is
a direct relationship between wavelength and width (Zolezzi
et al. 2012). Channel wavelength to channel width (A/w) ratio
of the studied river that ranges between 5.53 and 12.9 is
comparable with the results reported by Nanson and Hickin
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(1986) (Mw ~8-14). Radius of curvature to channel width
(Rc/w) ratio of the studied river that ranges between 1.1 and
3.93 is comparable with the results reported by Nanson and
Hickin (1986) (Rc/w ~2-3). Meandering is the natural geo-
morphic feature in rivers which leads to regular migration of
river course and erosion of banks (Akhter et al. 2019).
Meandering tendency of Barak River at reach-1 has been re-
duced than earlier times. A result of the meander morphology
shows that the simple and double type of meander changes has
occurred through time in the meander reaches of the Barak
River. From Fig. 8, various meander reaches suchas 2,7, 8, 9,
10, and 11 signify double type of changes. Reach-2 migrated
by extension and rotation, reach-7 by rotation and extension,
reach-8 by translation and rotation, reach-9 and reach 10 by
rotation and translation, and reach-11 by extension and rota-
tion processes. From the analysis, it was observed that the
Barak River within the study reach is predominantly irregular
channel. It was found that the reaches of the Barak River were
migrating inward or outward from the period during 1984—
2017. Also all types of bend migration were observed to occur
(extension, rotation, and translation). The overall meander
morphological changes of the studied river are comparable
with the results reported by Mithun et al. (2012) (extension,

rotation, and translation) and Yousefi et al. (2016) (translation,
rotation, extension, cutoff, redevelopment, lateral movement,
and irregular change). A ¢ test conducted at 5% confidence
level shows considerable difference between My and W
(Table 2). However, no significant difference was observed
for My, Mg, C, )\, and R between 1984 and 2017.

Changes in river width

Table S1 shows that from period of 1984-2017, changes in
the river channel width varied reasonably. From 1984 to 1992,
the highest change in width was observed at CS-21 and CS-23
where it was increased by 323.41 and 327.64 m respectively
(Fig. 9a). In contrast, the width of river decreased by 152.82 m
at CS-16. Decrease in width was observed from 1992 to
2002 at various cross-sections such as at CS-6 by 93.39 m in
Satkarakandi part-1, CS-24 by 217.89 m in Alagpur, and CS-
41 by 93.39 m in Tukargram (Fig. 9b). In 2002-2012, the
width of the river was increased at CS-6 by 189.5 m, CS-24
by 185.57 m, CS-40 by 128 m, and CS-41 by 114.8 m.
However, CS-23 and CS-36 showed a decrease in width by
85.91 and 66.06 m respectively (Fig. 10a). Furthermore, from
2012 to 2017, CS-2, CS-6, CS-10, CS-21, CS-25, CS-26, and

Fig. 5 Variation of changes in
sinuosity with time

Sinuosity
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Fig. 6 Variation of meander
wavelength with time
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CS-41 showed a decrease in width. However, CS-5, CS-11,
CS-16, CS-19, and CS36 showed an increase in width
(Fig. 10b). From the period of 1984-2017, CS-36 showed
an increase in width by 249.93 m and CS-25 showed a de-
crease in width by 18.83 m (Fig. 11). From various time pe-
riods, river channel width shows contraction and expansion.
Figure 12 shows spatiotemporal changes in the river width
during the study period. Average increase in width was found
to be 104.11 m and average decrease in width was found to be
13.18 m. Also maximum width identified along CS-21 was
595.36 m in 1992 and minimum width identified along CS-15
was 208.81 m in 1984. It can be said that the overall width of
Barak River has been expanded from 1984 to 2017. Increase
in width has occurred due to following reasons. First, the
morphology of the river has been changed from time being.
Second, erosion and flow of river water are the main factors of
the channel change. Debnath et al. (2017) suggested that an
increase in the trend of width along the river reach indicates
predominantly high lateral erosion. The width change given in
Table S1 indicates that the width of the Barak River has been
increasing from 1984 to 2017 eroding a large portion of land
along both sides of the river bank. Third, morphometric

parameters might be responsible for the change in the river
width. Nanson and Hickin (1983) and Nanson and Hickin
(1986) suggested that if the ratio of radius of curvature to
width (Rc/W) is between 2 and 3, the rate of lateral erosion
is high. The ratio of radius of curvature to width calculated in
this study was found between 1.1 and 3.93. This showed that
the Barak River has high rate of lateral bank erosion. Das
(2018) in the study of Pravara basin, India, found that mor-
phometric parameters are accountable for the change in chan-
nel morphology. Third, the basin undergoes sub-tropical
warm and humid climate and average annual rainfall
recorded is 2940.78 mm. Both velocity and discharge get
accelerated due to intense rainfall which finally results in an
increase in various parameters such as river becomes deeper
and wider and flows at higher velocity. Debnath et al. (2017)
in a study of Khowai River reported that intense rainfall
(1873.6 mm annually) induces bank erosion which is similar
to our study. According to CWC data, mean annual daily
discharge at the outflow gauging station (Badarpur Ghat) from
2000 to 2015 of the Barak River is 322,832.2 m>/s and max-
imum annual discharge is 532,465.4 m>/s. When a stream
channel can no longer accommodate increased discharge, it

Fig. 7 Variation of radius of
curvature with time
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Fig. 8 Meander reaches of the Barak River showing morphological change

overflows its banks and high amplitude of flood occurs which
is likely to induce intense bank erosion in short period.

Time-based lateral shifting of centerline channel

Centerline channel shifting for the year 1984, 1992, 2002,
2012, and 2017 are shown in Table 3. Shifting of centerline
was measured between two selected years. Here shifting of
centerline was calculated with a base image for the year 1984—
2002, 1884-1992, 1984-2012, and 1984-2017 with 41 CS.
Shifting of centerline has either occurred in the rightward di-
rection or leftward direction. During 1984—1992 time intervals
among 41 CS, 34 CS reveal rightward movement and 7 CS
reveal leftward movement. Due to high rate of lateral shifting
from 1984 to 1992, it clearly shows that erosion of bank has
occurred in the right bank. Also maximum centerline shifting
(2378.23 m) was observed at CS-6 under Satkarakandi part-1,
whereas minimum centerline shifting (16.25 m) was found at
CS-41 under Tukargram (Table 3). During 1984-2002,

maximum centerline shifting (2344.73 m) was observed at
CS-6 under Satkarakandi part-1, whereas minimum centerline
shifting (11.23 m) was found at CS-12 (Table 3). In 1984—
2012 time interval, the highest shifting (2850.67 m) occurred
along CS-6 in the right side in the Satkarakandi part-1 whereas
the lowest shifting (9.05 m) occurred along CS-20 in the left
side near Tarapur part-vii (Table 3). During 1984-2017, max-
imum centerline shifting (2828.98 m) was observed at CS-6
under Satkarakandi part-1 whereas minimum centerline
shifting (5.97) was found at CS-12 (Table 3).

Centerline channel shifting prediction

In order to recognize the future trend of shifting channel of
alluvial part of Barak River, channel movement of centerline
is determined first and then the future predictions for the two
time periods, i.e., 2017-2023 and 2024-2030 using ARIMA
modeling. All the observed and predicted values of the cen-
terline channel shifting from CS-1 to CS-41 are shown in

Table 2 Results of sample 7 test

for the parameters of meanders Meander Average difference Standard Sample Degrees of Tvalue P value

between 1984 and 2017 parameters between variables deviation size (N) freedom
M, —-0.015 0.347 12 11 —0.158  0.439
Mg —0.094 0.2446 12 11 —1.334  0.1046
My —0.043 0.0507 12 11 —2.906 0.007*
C 0.0917 0.5192 12 11 0.612  0.723
A 0.182 1.1356 12 11 0.554  0.295
Rc 0.051 0.1185 12 11 1.486  0.917
w —0.080 0.0466 12 11 —6.008  0.0004*

*Significance at 5% confidence level
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Fig. 13. From the analysis, it is witnessed that the centerline
channel shifting will change suddenly either to rightward or
leftward directions and among all the CS, right side of the
river is recognized as the core concern. Every CS was evalu-
ated on the basis of coefficient of determination (R?), root
mean square error (RMSE), and Bayesian information criteria
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(BIC) to assess the accuracy. Observed and predicted values
have shown good R? values (R? =0.89 and R? =0.88) at CS-
30 and CS-18 respectively. Also, the lowest RMSE is ob-
served at CS-12 and the highest RMSE is observed at CS-21
(Table 3) and finally predicted values were generated for the
estimation of centerline channel shifting between two time
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Fig. 11 Spatiotemporal changes of the Barak River width and shifting direction from 1984 to 2017

intervals (2017-2023 and 2023—-2030), which shows that the
channel shifting of the river basin will occur at many regions
particularly at critical sections (CS-5, CS-6, CS-9, CS-10, CS-
33, CS-34, CS-35, and CS-36). Timar (2003), Ollero (2010),
and Engel and Rhoads (2012) suggested that riparian vegeta-
tion cover is important factor for the process of river migration
that controls bank erosion. Along the alluvial plains of the
Barak River, thin riparian vegetative cover, fine-grained
non-cohesive sediments (fine sand), and displaced floodplains
may explain the reason behind the centerline channel shifting
in the critical regions of the river basin. In the study of Nile
River reported by Ahmed and Fawzi (2011), they found that
erosion of banks is more in agricultural lands than in riparian
vegetation lands. Hence, it can be said that vegetative cover
plays an important role for the process of centerline channel
shifting. Li et al. (2017) in a study of Tarim River, northwest-
ern China, reported that fine-grained non-cohesive sediments
have limited resistance to erosion. Therefore, the presence of
loose bed and bank materials is prone to excessive erosion due
to limited resistance and thus leads to amplified lateral erosion
of the banks. Findings of the present study will help us to
understand the future channel dynamics of the alluvial part
ofthe Barak River and also it will be beneficial to the habitants
residing nearby the river so that in the near future if any

physical hazard will occur, they will make their sustainable
plan for their livelihood. In the near future period (2017—
2023), maximum rightward shift will occur at CS-6
(2898.38 m) and maximum rightward shift will occur at CS-
6 (2968.23 m) that will happen during 2023-2030 (Table 3).

Prediction of centerline channel migration given in Table 3
shows that in future period 2017-2023, maximum centerline
channel migration is expected in the rightward direction with
maximum migration at CS-6 in Satkarakandi part-1
(2898.38 m) and minimum migration at cross-section-22 in
Bhairabnagar (20.36 m). On the other hand from period 2023—
2030, maximum migration is at CS-6 in Satkarakandi part-1
(2968.23 m/year) and minimum migration is at CS-21 near
Tarapur part-vii (0.33 m/year). Also in time period of 2023—
2030, same rate of centerline channel shifting (40.52 m) will
occur in leftward direction at CS-26 near Sirpur and rightward
direction at CS-40 near Tukargram. Results obtained from the
ARIMA model showed that throughout the whole reach of the
river, among 41 CS, centerline channel shifting on the right-
ward side is noticed as main concern. We propose that the
outcomes will help in recognizing the future hazards in the
areas of the centerline channel and these effects may be
prevented by efficient planning of settlements and to adopt
some bank protection measures.
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o
;

Fig. 12 Spatiotemporal changes
of river width at cross-sections 1—
41 in the study area
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Table 3  The assessment of mid-line channel shifting and prediction of mid-line channel using the ARIMA model. R.B right bank, L.B left bank
Cross- 1984-1992 1984-2002 1984-2012 1984-2017 2017-2023 2023-2030 RMSE R’ BIC
section

CS-1 178.45 (R.B) 160.25 (R.B) 160.53 (R.B) 190.24 (R.B)  229.699 (R.B) 287.23 (R.B) 6.08 0.75 393
CS-2 165.29 (L.B) 163.03 (R.B) 145.26 (R.B) 157.13 (R.B) 14537 (L.B) 129.479 (L.B) 8.96 030 471
CS-3 146 (R.B) 175.45 (L.B) 100.88 (L.B) 829 (L.B) 67.71 (L.B) 50.61 (L.B) 14.18 082 562
CS-4 122.30 (R.B) 117.64 (R.B) 130.29 (L.B) 12522 (L.B)  128.87 (R.B) 130.38 (R.B) 7.54 038 446
CS-5 160037 (R.B)  1582.31 (L.B)  1490.02 (R.B) 1480.83 (R.B) 147692 (L.B) 145143 (L.B) 19.81 084 639
CS-6 237823 (R.B) 234473 (L.B) 2850.67 (R.B) 282898 (R.B) 2898.38 (R.B) 296823 (R.B) 82.39 085 9.14
CS-7 186.88 (R.B) 19291 (R.B) 246.16 (R.B) 268.68 (R.B)  280.97 (R.B) 296.18 (R.B) 5.58 0.81 384
CS-8 19.6 (R.B) 22.93 (L.B) 45.6 (L.B) 58.12(LB) 65.75(R.B) 73.04 (R.B) 4.39 0.71 3.38
CS-9 240.5 (L.B) 148.66 (L.B) 507.08 (L.B) 540.75 (L.B)  579.25 (R.B) 626.16 R.B)  62.29 0.82 858
CS-10 1062 (R.B) 1048.22 (L.B) 1076.31 (L.B) 1092.52 (LB) 1096.72 (R.B)  1104.76 (R.B) 6.20 0.73 383
Cs-11 18 (R.B) 14.39 (R.B) 34.6 (L.B) 26.35(LB) 2546 (L.B) 27.09 (R.B) 2.94 0.76 237
CS-12 17 R.B) 11.23 (R.B) 9.59 (R.B) 597 (@LB) 6.10(L.B) 4.56 (L.B) 222 0.60 1.81
CS-13 25 (R.B) 12.39 (R.B) 35.16 (LB) 4545 ([R.B) 49.13 (R.B) 54.05 (R.B) 3.68 085 282
CS-14 265.1 (R.B) 209.95 (R.B) 320.18 (R.B) 27596 (R.B)  245.07 (L.B) 232,06 (LB) 13.78 0.83 545
CS-15 43 (R.B) 48.79 (R.B) 352 (R.B) 54.67 (R.B) 78.75 (R.B) 111.54 (R.B) 3.76 0.74 297
CS-16 34 (RB) 19.26 (L.B) 57.24 (R.B) 61.83 (LB) 69.80 (R.B) 79.86 (R.B) 4.14 0.81 3.16
CS-17 21 (L.B) 17.7 (R.B) 20 (L.B) 8.78 (L.B) 4.01 (L.B) 22.6 (L.B) 3.83 0.66 3.01
CS-18 24 (L.B) 15.67 (R.B) 36.5 (R.B) 63.97 R.B) 9639 (R.B) 140.27 (R.B) 424 088 321
CS-19 156.23 (R.B) 128.43 (R.B) 185.69 (R.B) 19132 (R.B)  185.63 (L.B) 17649 (L.B) 11.70 071 524
CS-20 26.23 (R.B) 22.67 (R.B) 9.05 (L.B) 13.99 (L.B) 17.64 (R.B) 20.54 (R.B) 2.82 0.87 240
Cs-21 26 (R.B) 29.84 (R.B) 16.66 (R.B) 18.06 (L.B)  10.38 (L.B) 0.33 (L.B) 2.54 081 2.19
CS-22 140.32 (R.B) 86.64 (L.B) 80.54 (L.B) 30.39 (LB) 236 (L.B) 31.6 RB) 10.05 0.73 493
CS-23 71.23 (R.B) 69.81 (L.B) 70.89 (L.B) 51.71 (LB) 4447 (LB) 38.17 (L.B) 6.10 0.76 393
CS-24 8521 (R.B) 77.71 (LB) 110.5 (L.B) 9495 (LB) 95.24 (R.B) 9737 (RB) 15.15 0.61 576
CS-25 85.8 (R.B) 61.4 (L.B) 95.25 (L.B) 76.08 (L.B)  79.13 (R.B) 7856 (R.B) 1138 030 540
CS-26 92.3 (L.B) 75.8 (L.B) 65.74 (LB) 94.04 (LB) 72.63 (L.B) 40.52 (L.B) 8.41 0.58 458
CS-27 47.3 (R.B) 43.71 (L.B) 84.08 (L.B) 85.86 (L.B) 106.47 (R.B) 136.66 (R.B) 481 0.82 346
CS-28 33.5(R.B) 25.34 (R.B) 19.95 (LB) 21.39 (LB) 2044 (LB) 19.03 (L.B) 433 049 325
CS-29 31.36 R.B) 33.55 (LB) 68.12 (L.B) 84.17 (L.B)  103.04 (R.B) 12733 (R.B) 4.40 074 329
CS-30 49.56 (R.B) 35.87 (R.B) 75.63 (R.B) 96.98 (R.B) 128.01 (R.B) 173.45 (R.B) 6.08 0.89 393
CS-31 60.25 (R.B) 48.89 (L.B) 145.45 (L.B) 12397 (L.B) 12695 (R.B) 13096 (R.B) 11.48 080 5.19
CS-32 78.56 (R.B) 48.29 (L.B) 154.7 (L.B) 129.55 (L.B)  134.66 (R.B) 143.54 R.B)  13.10 0.80 544
CS-33 380.25 (L.B) 400 (R.B) 500.36 (R.B) 666.62 (R.B)  835.08 (R.B) 107423 (RB)  19.32 071 625
CS-34 265.85 (R.B) 325.62 (L.B) 346.59 (L.B) 387.25(L.B) 465.74 (R.B) 584.70 (R.B)  29.30 0.55 7.08
CS-35 269.65 (R.B) 281.88 (R.B) 405.55 (R.B) 422.17(R.B) 471.80 (R.B) 536.86 (R.B) 8.33 0.78 456
CS-36 265.65 (R.B) 219.39 (LB) 369.61 (L.B) 4162 (LB) 508.92 (R.B) 643.86 R.B) 13.99 0.74  5.60
CS-37 72.52 (R.B) 58.64 (L.B) 66.41 (LB) 76.27 (LB)  80.60 (R.B) 85.96 (R.B) 3.76 0.55 296
CS-38 42.5 (R.B) 16.09 (R.B) 48.05 (R.B) 30.24 R.B)  14.03 (R.B) 5.59 (L.B) 4.97 0.76  3.53
CS-39 152.74 (R.B) 107.64 (R.B) 79.95 (R.B) 899 (R.B) 69.11 (L.B) 47.51 (L.B) 5.55 087 374
CS-40 70.54 (L.B) 66.81 (R.B) 58.78 (R.B) 5345 (R.B) 4044 (L.B) 20.63 (L.B) 5.48 0.63 3.72
CS-41 16.25 (R.B) 15.77 (R.B) 16.7 (L.B) 40.03 (L.B)  40.06 (R.B) 40.52 (R.B) 3.83 0.77  3.04

Shifting rates of the Barak River

Table 4 shows the shifting rates of the Barak River which are
found from CS-1 to CS-41. In the right bank side, shifting rates

@ Springer

are changed from 0.34 to 297.27 m/year and 0.180 to 130.263 m/
year in the left side of the bank. During 1984—1992, the highest

centerline shifting rate was found at the rightward direction at
CS-6 in Satkarakandi part-1. During 1984-2002, maximum
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Fig. 13 Prediction for the centerline channel of the river in 2017-2023 and 2023-2030 time intervals using ARIMA model
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Fig. 13 continued.

time intervals (1984-1992, 1984-2002, 1984-2012, 1984—
2017), maximum shifting rate of centerline channel in the right
bank was 130.26, 15.66, 101.80, and 85.72 m/year and

centerline shifting rate (130.26 m/year) was observed at CS-6
under Satkarakandi part-1, whereas minimum centerline shifting
rate (0.62 m/year) was found at CS-12 (Fig. 14). During different
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Fig. 13 continued.

maximum centerline channel shifting in the left bank was 47.53,
130.26, 38.43, and 33.10 m/year respectively (Table 4). In the
right or left side of the river, shifting of river is evident; thus, the

@ Springer

migration is noticeable in the river. From Fig. 14, it is found that
certain cross-section (CS-5-7, CS-9-11, and CS-33-35) has
some larger channel shifting. In a river system, river shifting
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Fig. 13 continued.

may occur if the main channel of the river abruptly changes its
course to a new river channel. Meandering rivers are especially
vulnerable to such shifts. Wang et al. (2012) conducted a study in
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the alluvial reaches of the upper river considering the shift from
1950 to 2007 and found that up- and downshifts of the river
banks are responsible for the long-term shifting rates of the
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Fig. 13 continued.

channel. Bag et al. (2019) in the Bhagirathi River found that the
actual shift of the channel usually follows a large flood event, but
other factors make the system susceptible to the shift. Most com-
monly, sediment buildup blocks the river flow due to changes in
current and riverbed gradient. In other cases, a cutoff occurs at
the meandering neck in rivers with high channel sinuosity.
Human activities such as farming, construction of houses, other
temporary structures, and channel widening can also make the
river system vulnerable to a sudden course change. A shift in

river channel position has large impacts on the ecology, econo-
my, and society, especially through impacts on water availability
which is important for agriculture and transportation. Streamflow
is mainly dependent on the rainfall, which give rise to annual
flood periods (Gordon et al. 1992). More recurrent and prolonged
heavy rains in the catchment result in flood regimes with dam-
aging magnitude leading to river channel shifting rate in the river.

Means of channel migration rates for the right and left
banks of the alluvial part of the Barak River in five different

@ Springer
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Table 4  Lateral mid-line channel shifting rate (m/year) for each cross-
section in the Barak River

Cross-section 1984-1992  1984-2002  1984-2012 19842017
CS-1 2230 (RB) 890 (RB) 573 (R.B) 5.76 (R.B)
Cs-2 20.66 (L.B)  9.05(RB) 518 (R.B) 4.76 (R.B)
CS-3 1825 (RB) 9.74(LB) 3.60(LB) 251 (LB)
CS-4 1528 (RB) 653 (R.B) 4.65(@LB) 3.79 (L.B)
Cs-5 200.04 (R.B) 87.90 (L.B) 5321 (R.B) 44.87 (R.B)
CS-6 29727 (R.B) 130.26 (L.B) 101.80 (R.B) 85.72 (R.B)
CS-7 2336 R.B) 10.71 (RB) 879 (RB) 8.14(R.B)
CS-8 245@RB) 127(LB) 1.62(@LB) 1.76(L.B)
CS-9 30.06 (L.B) 825(L.B) 18.11 (L.B) 16.38 (L.B)
CS-10 132,75 (R.B) 58.23 (L.B) 3843 (L.B) 33.10 (L.B)
Cs-11 225(RB)  0.79(R.B) 123(@LB) 0.79 (L.B)
Cs-12 212(RB) 0.62(RB) 034 ([RB) 0.18(LB)
CS-13 312(RB) 0.68@RB) 125(QLB) 137RB)
CS-14 3313 (RB) 11.66(RB) 1143 (R.B) 836 (R.B)
Cs-15 5375(RB) 271 (RB) 125@RB) 1.65(RB)
CS-16 425®RB) 107(LB) 204 (RB) 1.87(LB)
Cs-17 262(@LB) 098(R.B) 071 (@LB) 026(LB)
CS-18 3(LB) 087(RB) 130RB) 1.93(RB)
CS-19 19.52(RB) 7.13(RB) 663 (RB) 5.79 (R.B)
CS-20 327(RB) 125(RB) 032(L.B) 042(LB)
Cs-21 325(R.B) 1.65(RB) 059 [R.B) 0.54(L.B)
CS-22 17.54 R.B) 481 (LB) 287(LB) 092 (L.B)
CS-23 890 (R.B) 3.87(LB) 253(L.B) 1.56(L.B)
CS-24 10.65(R.B) 431 (L.B) 394(LB) 287 (LB
CS-25 10.72(R.B) 341 (L.B) 340(LB) 230(L.B)
CS-26 1153 (LB) 421(@LB) 234(@LB) 284 (LB
Cs-27 591 (R.B) 242(LB) 3.00(LB) 2.60(L.B)
CS-28 418(RB) 140((RB) 071 (LB) 0.64(LB)
CS-29 392(RB) 186(@LB) 243 (LB) 2.55(LB)
CS-30 6.19(RB) 196 (R.B) 270 (R.B) 293 (R.B)
CS-31 753 (RB) 2.71(LB) 5.19(LB) 3.75(LB)
CS-32 982 (RB) 268(LB) 552(LB) 3.92(LB)
CS-33 4753 (LB) 2222 (R.B) 17.87 (R.B) 20.20 (R.B)
CS-34 3323 (RB) 18.09(L.B) 12.39(L.B) 11.73 (L.B)
CS-35 3370 R.B) 15.66 (R.B) 14.48 (R.B) 12.79 (R.B)
CS-36 3320 (R.B) 12.18(L.B) 1320 (L.B) 12.61 (L.B)
CS-37 906 (RB) 325(LB) 237(@LB) 231(LB)
CS-38 531 (RB) 089((R.B) 171 ([RB) 091 RB)
CS-39 19.09(RB) 598 (R.B) 2.85(R.B) 2.72(LB)
CS-40 881(LB) 371 (RB) 209RB) 161 (RB)
CS-41 203([R.B) 087((RB) 059(@LB) 121(LB)

periods are shown in Table 5. Along the right bank, maximum
average centerline channel shifting was identified in the peri-
od of 1984-1992, and the maximum average centerline chan-
nel shifting for the left bank was identified in the period of
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1984-2002, while as along the right bank, minimum average
centerline channel shifting was identified in the period of
1984-2002, and minimum average centerline channel shifting
for the left bank was identified in the period of 1984-2017.
Figure 15 shows the variation of mean of centerline channel
shifting from various time periods. Along both the banks of
the river (left bank and right bank), mean of centerline channel
shifting is decreasing from 1984 to 2017. Limited information
is available on the effects of earthquake shocks or plate tec-
tonics in the upper and lower reaches of Barak River, and thus,
their impact on river channel dynamics is a matter to be con-
sidered in future investigations as this may have some effect
on centerline channel shifting and finally the river behavior.

Recommendations

In the present study, we have analyzed the morphometric pa-
rameters and temporal shifting of centerline channel shifting
of the Barak River and give us the future synoptic view of the
river course. During this study, various results and database
are created, particularly the cross-sections, combined with the
hydrographic data, and digital elevation model of floodplain
can be further used for the hydraulic and sedimentation
modeling which could make this study more interesting.
Also river bank erosion/deposition risk map can be generated
based on this modeling. Hence, this study can become very
much helpful for future mitigation and hazard preparedness
programs to be taken by the government authority.

Conclusion

The Barak River, flowing through the alluvial plains of
Assam, experiences regular bank shifting and development
of cutoffs posing threat to the habitants residing nearby. The
main incentive of the present study is to understand the chang-
es in river morphometric parameters and shifting of centerline
channel shifting of the Barak River in order to understand the
dynamics of channel. Five different years of Landsat images
was used with ARIMA modeling in order to find the changes
in the river for the 46 years (1984-2030). Our observation
reveal that the morphological analysis indicates that sinuosity,
wavelength, and radius of curvature from 1984 to 2017 show
a decreasing trend. The sinuosity value in most of the
meandering reaches is greater than 1.5. Results also show that
all types of bend migration were observed to occur (extension,
rotation, and translation). Formation of oxbow lake and neck
cutoff was also found in reach-1 and reach-3 respectively. The
outcome of ARIMA model specifies that channel shifting of
centerline is going to change suddenly either to rightward or
leftward directions. Throughout the whole alluvial part of the
Barak River, rightward side is recognized as major concern.
Results obtained from the analysis of channel shifting rates
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Table 5 The mean channel
shifting rate (m/year) of the Barak Direction 1984-1992 1984-2002 1984-2012 1984-2017
River
Number of  Rate Number of  Rate Number of  Rate Number of Rate
CS CS CS CS
Rightward 34 29.67 22 5.28 18 1333 15 13.09
Leftward 7 1774 19 1897 23 5.67 26 4.54
Mean 41 27.64 41 11.63 41 9.03 41 7.88

indicate that from 198 to 2017, maximum rate of centerline
channel shifting in the right bank was 85.72 m/year at CS-6
and maximum rate of centerline channel shifting in the left
bank was 33.10 m/year at CS-10. Moreover, results obtained
from the centerline channel shifting, it can be said that in
future period of time, Satkarakandi part-1 will be more vul-
nerable than Bhairabnagar. It is believed that the outcomes of
this study shall form a base in understanding the future dy-
namics and bank migration of the alluvial rivers. We propose
that future effects of bank migration may be prevented by

adapting scientific bank protection measures and efficient
planning of the adjacent settlements.
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