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ABSTRACT

In this paper, a new stochastic method has been presented for prediction of morphological change, and bankline system using time-
series data from satellite remote sensing imageries in the meandering river. Multi-temporal satellite remote sensing data i.e.
Landsat series imageries from 2006 to 2020 has been used for time-series analysis through stochastic method. We have identified
105 morphological active vulnerable sites through multi-criteria analysis (MCA), and we have developed the morphological
change, and bankline shifting prediction model for these 105 vulnerable sites. We have analysed the erosion / deposition pattern,

river migration, sinuosity ratio, soil characterise, soil texture, bank material, and water discharge data for these vulnerable sites. We
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have also developed an equation for generation of predicted points (x, y) in GIS. Statistical analysis of river bankline shifting rate at

each vulnerable site has been carried out and that was compared with riverbank soil type, and sinuosity ratio. Sandy soil has the
highest river bankline shifting rate and sinuosity ratio, while clay / clay loam soil has the lowest river bankline shifting rate and
sinuosity ratio. As we have developed that model based on banklines from Landsat imageries, we are recommending to be used
high-resolution satellite images i.e. QuickBird, GeoEye, WorldView for digitization of banklines, subsequent this model will give

more accurate result.

Keywords: Erosion deposition pattern, morphological change, prediction model, Landsat satellite imagery, meandering river

INTRODUCTION

Rapti River originated in Nepal and flowing through Nepal and India is a meandering river. This is a highly dynamic river system
that involves complex processes of morphological changes. Developing a simulation model to predict the meander migration and
morphological changes has been a major research goal for the last decades. The river morphology is changing under varying
environmental conditions at both spatial and temporal scales due to river erosion and drift through natural and anthropogenic
inputs (Nanson et al., 1996; Mount et al., 2013; Midha et al.,, 2014). Processes governing river morphology include bankfull
discharge, channel dynamics, runoff events, vegetation cover, and sediment supply. Channel migration and its response to altering
conservational situations are extremely dependent on local aspects such as channel type, hydrological and vegetative conditions,
and that are affected by anthropogenic disturbances (Buffington, 2012; Khan et al., 2015). Understanding the characterization of
processes to move the channel and assess the morphological changes of the river have long been of interest to geomorphologists,
geologists, and engineers (Sarma, 2005, Dewan et al, 2017). Currently, there is increased interest on this topic among
geomorphologists for the study of river valleys and watershed hydrology (Islam, 2016). Substantial progress has been made in
understanding the channel morphology and river migration. The study of channel morphology is necessary to evaluate natural and
human effects on morphological parameters and channel dynamics (Friend et al., 1993; Graf, 2000).

The rivers always change their morphological processes over time due to changes in shapes and conditions. Riverbank erosion-
deposition and channel dynamics are geomorphological phenomena investigated by various researchers (Das et al., 2007; Mount et
al., 2013). Several studies from Gorai River, Bangladesh (Sarkar et al., 1999); Santiago Rivers, United States (Clark et al., 2000);
Mississippi River, United States (Hudson et al., 2000); Ganga and Yamuna Rivers, India (Sinha et al., 2005); Yellow River, China
(Wang et al., 2006); Sacramento River, United States (Larsen, 2007); Mekong River, Vietnam (Kummu et al., 2008); Ebro River, Spain
(Ollero, 2010); Dane River, UK (Hooke et al., 2010); Sacramento River, United States (Michalkova et al., 2011); Somesul Mic River,
Romania (Persoiu et al.,, 2011); Tagliamento River, Italy (Surian et al., 2012); Brahmaputra River, India (Sarkar et al., 2012); Ganges
River, India (Hossain et al., 2013); Jamuna River, Bangladesh (Thian, 2013); Pearl River, China (Zhang et al., 2015); Yangtze River,
China (Xia et al., 2016); Padma River, Bangladesh (Abu et al., 2016); Pestan River, Serbia (Djekovic et al., 2016); Hugli River, India
(Mallick, 2016); Tammaro River, Italy (Magliulo et al., 2016); Padma River, Bangladesh (Rehman et al., 2017); Wabash River, United
States (Lant et al., 2018); Pravara River, India (Das, 2018); Vaitarna and Ulhas Rivers, India (Das et al., 2018); Teesta River,
Bangladesh (Akhter et al., 2019); Alaknanda, Bhagirathi, Mandakini and Kali Rivers, India (Pareta et al., 2019); Ganga River, India
(Pal et al., 2019); Amazon River, Brazil (Sylvester et al., 2019) reported broadly the morphological changes of major river basins
using satellite remote sensing imageries with GIS techniques. These studies showed that remote sensing and GIS techniques are
useful in analyzing river migration and morpho-dynamics at spatial and temporal scales.

The ultimate goal of this research study was to understand and explain how the river morphology changes (bankline shifts) for
Rapti river system for prediction of river migration based on multi-temporal Landsat satellite imageries (2006-2020). This work was
an attempt to predict the morphological change (bankline shift) for 2021 in a very large scale (1:1000) that had not been often
measured in earlier river morphological change modeling. This study is very useful for river management planning. The main
objectives of this study were: (a) understanding the spatial and temporal change in river morphology of Rapti river system using 15
years Landsat satellite imageries; (b) identification of highly vulnerable sites based on frequency and magnitude of river bankline
shifting, channel migration over the years, erosion / deposition pattern over the years; and (c) prediction of river bankline on highly

vulnerable sites using multi-temporal Landsat satellite imageries.

Study Area Description

Rapti river is the largest tributary of Ghaghra river which is a major constituent of the Ganga. It extends from 26°18'00" N to
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28°33'06" N and 81°33'00 E to 83°45'06" E and covers an area of 25,793 km? out of which 41% (10,642 km?) lies in Nepal and 59%
(15,151 km?) in India. It rises at an elevation of 3048 m in Dregaunra Range of Nepal Siwalik and covers a total distance of 782 km

(of which 565 km lies in India) before joining Ghaghra at Barhaj in Deoria district of Eastern Uttar Pradesh. The Rapti river flows
through the districts of Bahraich, Shravasti, Balrampur, Siddharth Nagar, Sant Kabir Nagar, Gorakhpur and Deoria of Eastern Uttar
Pradesh (Figure 1).
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Figure 1. Location Map of Rapti River System, India

The basin consists geologically of two distinct portions - structurally it is a segment of the great Indo-Gangetic trough and it has
also some portion of the Himalaya’s foothills region of the Siwalik. Recent findings of the chrono-association of the Gandak mega-
fans areas revealed that the alluvia of the Old Rapti Plain (Burhi Rapti) is that of 5000 years before present, and that of Rapti is more
than 500 years before present (Mohindra et al. 1992).

METHODOLOGY AND DATA USED

Data Used and Sources

Pre-monsoon and moderate resolution Landsat satellite imageries i.e. Landsat-5 TM images, Landsat-7 ETM+ images and Landsat-8
OLI images from 2006 to 2020 were downloaded from Earth Explore, USGS (https://earthexplorer.usgs.gov). These multi-temporal
satellite imageries were used to obtain information on river shifting and morphological trends of Rapti River and its 16 tributaries.

The details of satellite remote sensing data, other data used for this study is shown in Table 1.

Table 1. Other Data Sources

S. No. Data Type Data Sources and methodology

Landsat-5 TM satellite image with 30 m spatial resolution for years 2006, 2007, 2008,
2009, 2010, 2011.

Satellite Remote Sensing | Landsat-7 ETM+ satellite image with 30 m spatial resolution for year 2012.

Data Landsat-8 OLI satellite image with 30 m spatial resolution for years 2013, 2014, 2015,
2016, 2017, 2018, 2019, 2020.

Source: https://earthexplorer.usgs.gov
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Survey of India Toposheets, 2005

Toposheet No.: 63E/10, 14; 631/02, 03, 07, 08, 11, 12, 16; 63]/09, 13, 14; 63M/08, 12;
63N/01, 02, 03, 05, 06, 07, 09, 10, 11, 14 & 15

Source: http://www.soinakshe.uk.gov.in

ALOS PALSAR (DEM) Data: Advanced Land Observing Satellite (ALOS) Phased
Array type L-band Synthetic Aperture Radar (PALSAR) Digital Elevation Model
(DEM) Data with 12.5m spatial resolution.

Source: Alaska Satellite Facility, Fairbanks. U.S. state of Alaska. 2004-2015. Source:
https://vertex.daac.asf.alaska.edu/

3 Elevation Data

RESULT
Priority Vulnerable Sites

One hundred and five priority vulnerable sites were identified for analysis, morphology modelling for predicting changes, and
conducting field assessments. The multi-temporal remote sensing data from 2006 to 2020 have been digitized in shapefiles using
Esri ArcGIS-10.7 software. The river course and silt deposit areas in India side were delineated.

To identify the priority vulnerable locations from the temporal analysis of the satellite imageries, certain criteria were used.
They are - (i) frequency and magnitude of river bankline shifting, (ii) channel migration over the years, (iii) erosion / deposition
pattern over the years and (iv) presence of critical flood management assets like barrages, bridges, launching aprons, rain cuts,
regulator inlets outlets, spur structures, and embankment structures. By using these criteria, 105 vulnerable sites in the Rapti river

system were identified. The locations of priority vulnerable sites are shown in Figure 2.

Riverbank Erosion and Deposition Areas Analysis

Erosion plays a significant role in the changing environment of a river. It affects water flow, water quality, channel width and depth
and safe use of a river as a transportation corridor. Generally, riverbank erosion or deposition is a mechanism of sediment (bank
material) transportation by a river that affects the river channel courses (Biswajit et al., 2013). Fluvial geomorphic processes are very

active in most of the rivers in north India. As a result, river erosion is common in the study area, Rapti River and its 16 tributaries.
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Figure 2. Priority Vulnerable Sites in Rapti River System in India
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Multi-temporal Landsat satellite remote sensing data from 2006 to 2020 have been used for this analysis. The two resultant

shapefiles were superimposed in-order-to demarcate union wise erosion and deposition areas. The high erosion and higher bar
deposition areas were also identified, which have been verified in field. The total area of erosion and deposition from all the unions
were calculate by using ArcGIS 10.7 software. The erosion and deposition area of Rapti river system has been extracted of years
2006 to 2020 and shown in Error! Not a valid bookmark self-reference..

Table 2. Erosion and Deposition Area (2006 - 2020) in Rapti River System

S.No. | Years Deposition (Km?) Erosion (Km?) S.No. | Years Deposition (Km?) Erosion (Km?)
1 2006-2007 33.27 2491 8 2013-2014 22.28 41.98
2 2007-2008 31.6 42.95 9 2014-2015 41.25 22.61
3 2008-2009 43.43 30.95 10 2015-2016 29.06 24.19
4 2009-2010 21.29 45.26 11 2016-2017 16.09 52.29
5 2010-2011 41.02 21.71 12 2017-2018 34.12 46.79
6 2011-2012 35.92 31.08 13 2018-2019 31.13 34.19
7 2012-2013 24.29 25.57 14 2019-2020 33.13 43.19

The morphology and behavior of Rapti River undergo drastic changes in response to various flow regime. The erosion and
flood are a common phenomenon in Rapti River, but it becomes a matter of serious concern when it takes the form of disaster. The
study area is also prone to devastating floods. But due to severe erosion of bankline with floods, the situation in the area is critical.
During the monsoon season, the rivers coming from the hills bring huge amount of water and sediment and fill the entire channel
area. Due to this it affects the stability of channels and banklines.

River Bankline Shift Analysis

The Rapti river and its tributaries are constantly changing due to the geomorphic (e.g. water velocity), climate agents (e.g. flooding)
and human activities (e.g. sand excavation, removal of vegetation cover and fertile soil excavation). The gradient (or slope), the
amount of water, the velocity of water and the nature of a river or tributary are the parameters due to changes in the shape and size
of a river / tributary (Pareta, 2013). The GIS technique (spatio-temporal analysis of satellite imagery) using advanced remote sensing
data over the last 15 years has been used to identify changes in river course (both river and tributaries) and further calculations
have had analysed river shifting and bank erosion. The bankline of Rapti River and 16 tributaries have been manually digitized
from 2006 to 2020 by using multi-temporal Landsat satellite imageries i.e. Landsat-5 TM, Landsat-7 ETM+, and Landsat-8 OLIL By
overlaying this database locations of bank channel shifting of Rapti river and tributaries have been identified. The shifted parts of
the river have been mapped by vectorisations in GIS.

We have fixed 31 cross-section lines at every vulnerable site, and riverbank line shift has been measured for 105 vulnerable sites.
The bank line shift has been measured in both bank lines i.e. right bank line and left bank line (where the vulnerable site is situated)
with reference to length (in metres) and direction from 2006 to 2020. A positive value (+) indicates that the riverbank line has shifted
in the right direction from previous year, while a negative value (-) indicates that the riverbank line has shifted in the left direction
from previous year. After a detailed study of river bank line shift data of Rapti river system, we have observed a relationship

between erosion / deposition and bankline shifting, which is shown in Table 3.

Table 3. Relationship between Erosion, Deposition and Bankline Shift

S. No. From previous year to next year Remarks

1 Right bankline shift to left direction Deposition
2 Right bankline shift to right direction Erosion

3 Left bankline shift to left direction Erosion

4 Left bankline shift to right direction Deposition

A river cross section can be defined as the change of river depth (elevation) in relation to the horizontal distance from one river
to another bank. Total 31 cross-sections for each vulnerable site have been demarcated perpendicular to the river (year 2020), and
separation of cross-sections is 100 meters.We have measured riverbank line shift at 3255 locations (105 vulnerable sites x 31 cross-

sections = 3255 locations) in Rapti river system. Here, we have demonstrated only two vulnerable sites data (Site No. 05, and Site
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No. 33), which we have future analysed and used for prediction of bankline change.

Time Series Modeling and Forecasting

Bank erosion (accretion) and / or river movement modeling based on exceeding a critical threshold becomes unstable for
simulations, giving rise to local problems of widening or narrowing at unrealistic values. Furthermore, the results struggle to
handle the system’s response to cutoffs (Esther, 2013; Esther et al., 2014a, b). To solve these problems, a statistical approach has been
applied. Time-series generated for various river morphometric attributes from multi-temporal satellite image analysis (pre-
monsoon only) has been used. Other data from satellite imagery i.e. erosion / deposition, sinuosity ratio; discharge data, and soil
data have been used for correlation of model output data.

The time-series of these morphometrics are divided into two sets, (i) Set-1: 80% of the time-series has been used for the
calibration of model, (ii) Set-2: 20% of the time-series has been used for validation of the forecast model. A stochastic method has
been used to predict the morphological change in Rapti river system. Validation assessment approach measures the fit between
model predictions and satellite data of that predicted year. We have compared the riverbank line data from satellite imagery and
model output for 2019 and 2020 with the error of + 15 m (half size of a pixel in Landsat-8 OLI satellite imagery).

We have validated of model output with satellite data, for graphical representation of validation of model output vs satellite

data for site no. 05, and site no. 33 is shown in Figure 3 and Figure 4 respectively.

Validation of Model Output with Satellite Data (2019-2020) Validation of Model Output with Satellite Data (2020-2021)
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Figure 3. Validation of Model Output with Satellite Data for Site No. 05, Majahgawan
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Figure 4. Validation of Model Output with Satellite Data for Site No. 33, Bangarha Bugurg

The projection of Rapti river at site no. 05 is NE. The average shifting rate (2006 to 2020) in this direction is 12.03 m per year. The
validation of model output versus satellite imagery has an accuracy of 90%. The projection of Rapti River at site no. 33 is SW. The
average shifting rate (2006 to 2020) is 5.17 m per year. The validation of model output versus satellite imagery has an accuracy of
87%.

Equation for Generation of Predicted Points (x, y)

By using the stochastic model, we have extracted the predicted distance from 2020 (bankline from satellite imagery) to 2021 (model
output), but our concern is how to draw this distance in GIS. To solve the problem, an equation has been produced, which can draw
the distance in GIS from 2020 to 2021, and generate the X,y coordinate of model output at each cross-section line. The mathematical

explanation is shown in Figure 5.
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Predicted River Bankline from
Model Output Data (2020)

|
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Figure 5. Conceptual Diagram for Generation of Predicted Points (x, y)

For measurement of slope between x1y1 and x2y2 or x1y1 and xy; the below stated equations have been used.

Slope (m) = V2 - Y1 /X2 - XTaiiiii (3)

Slope (m) = VoYL X o X 4)
Equation (4) can be written as Equation (5)

y-yl = Slope (M) * (X = X1) vviiiiiii 5)
For measurement of distance between point (A) and point (B), the below stated equation has been used.
Distance (AB) = v (x2 - x1)2+ (V2 - Y ) (6)
The same equation can be used for measurement of distance between point (A) and point (C)

Distance (AC) = v (x - x1)2+ (Y = Y 7)
Equation (7) can be written as Equation (8)

[Distance (AC)]?= (x=x1)2+[Slope (M) * (X = X1)2 oo 8)
Equation (8) can be written as Equation (9)

[Distance (AC)]?> = (x—=x1)?+ Slope ()2 * (X = XL)2 oot 9)
Equation (9) can be written as Equation (10)

[Distance (AC)]?> = (= XD F [T N2t (10)
Equation (10) can be written as Equation (11)

(x-x1)? = ACZ /(1 H102) i (11)
Equation (11) can be written as Equation (12)

x - x1 = NV TAC2 /(10 ] e (12)
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Equation (12) can be written as Equation (13)

X = NG e e o P (13)

Distance between A&C has been extracted from model; m is slope, which has been calculated by using x1y1 and x2y2 coordinate. If,
we put these two values in equation (13), the coordinate of x can be generated.

Equation (5) can be written as Equation (14)

y = [Slope (m) * (X - XI)] + Yoo (14)

In Equation (14), Slope (m) has been calculated by using x1yl and x2y2 coordinate, Coordinate of (x) has been obtain from
Equation (13), and Coordinate of x1y1 has been generated in GIS.
By using these equations, we have generated predicted points for all 105 vulnerable sites. By using this method, we have

predicted the bankline shifting for years 2019, 2020, and 2021 for all 105 sites, but here we are showing site no. 5 and site no. 33 in
Figure 6and

Figure 7, respectively.

Limitations of Model

Empirical equations which relate hydrologic and geomorphic channel characteristics offer a way to estimate and predict meander

river dimensions, reducing the extensive data needs of planimetric assessments. However, the empirical models which have been

developed appear to exhibit site-specific nature apparent in planimetric assessments. The following points are considered as

limitations of the empirically based model:

e The riverbank line has an error of + 15 m due to the size of half a pixel in Landsat satellite imageries.

¢ This model is based on past condition, if there are any future human intervention from present condition i.e. establishment of new
embankment, stud structure, spur structure, porcupine structures, cutter and any other anti-erosion or river training work, then

the model will not show the accurate result.
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) v Rapti River System
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Figure 7. Prediction of Bankline Shifting for Years 2019, 2020, and 2021 of Site No. 33, Bangarha Bugurg

CONCLUSION

This study aimed at understanding the morphological changes and predicting river bankline shifting in the Rapti river system,
India using satellite imageries and model. Multi-temporal Landsat satellite imageries for 15 years (2006-2020) were used to measure
the lateral river bankline shifting in 105 identified vulnerable sites. These empirical and forecast models have been used to predict
the morphological changes of the vulnerable sites in the near future. Though indicative, these forecasts will aid in river
management and training activities and early warning against erosion risk. To more accurately model river bankline shifting
against measurement it is suggested to use the high-resolution satellite images i.e. QuickBird, GeoEye, WorldView with at-least 50

cm spatial resolution.
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