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Foreword

I am extremely pleased to introduce this inspiring and impressive volume on
Drainage Basin Dynamics: An Introduction to Morphology, Landscape and
Modelling edited by a group of young and energetic geomorphologists. This
volume is the collection of excellent articles contributed by reputed as well as
promising geomorphologists. The articles are academically rich, technically
sound and contain outputs of very sincere and robust research. The articles
are arranged by the editors in an orderly sequence leading to a comprehensive
and complete understanding of the topic concerned.

Examining the conservation of mass and energy in landscape evolution in
a way to understand the self-regulatory nature of the landscape in the drai-
nage basin units is the key to geomorphic knowledge. Drainage basins of
different spatial orders are arranged in the nested hierarchy where both spatial
and temporal scales are coupled. Geomorphologists are interested in the
working of rivers under different boundary conditions and the effectiveness
of formative events in landscape shaping depending on event size and dis-
tribution of magnitude-frequency.
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From this perspective, the present effort is the brilliant and exceptional
instance of academic pursuit of the editors in promoting academic quest,
advancing the geomorphic understanding, fostering the interest in exploring
the process-form relationship among the learners and encouraging fellow
colleagues in a similar honest and genuine endeavour.

}/‘;” wleielug, \@ﬁq

Prof. Ramkrishna Maiti
Department of Geography
Vidyasagar University
Midnapore, India

Foreword



Drainage basin is often called the cradle of civilizations as it offers many vital
resources such as water, land, and the forest that shape the development of
ecological, economical, cultural, and geopolitical issues. In the era of
twenty-first century, these issues have become more pertinent in the context
of ‘Anthropocene’. The river flows at its own whim. Nature's whimsy
changes and the games of breaking are played. People depend on the river
since the very inception of the civilizations. The evolution of civilization
centred on the river is fast-changing. People are constantly trying to tame the
river. As a result, the river is increasingly getting metamorphosed in one way
and influences the socio-economic fabric of human civilization in another
way. Consequently, increased river floods, ecological degradation, economic
loss and damage of the infrastructure, etc. are clearly noted in recent times.
Therefore, taming the river is not important, rather we need to understand the
dynamism of drainage systems, morphological characteristics, and landscape
features towards sustainability using modern geospatial technology.

This book is composed of 24 chapters associated with spatial modelling in
drainage basin evolution, system approach, morphology, drainage basin
hydrology and sedimentology, connectivity and interaction, human inter-
ference, river engineering, natural and anthropogenic hazards, and various
management techniques. The contemporary researches in this field have been
amalgamated to comprehend the various methods for the evolution of geo-
morphic landforms and combating the hydro-geomorphic hazards, and dis-
asters with proper mitigation strategies.

We are very much thankful to all the authors who have meticulously
completed their documents on a short announcement and played a vital role
in building this edifying and beneficial publication. We do believe that this
will be a very convenient book for geographers, geologists, ecologists, river
scientists, and others working in the field of water resources management



including research scholars, environmentalists, and policymakers. We also
acknowledge our deep gratitude to the publisher Springer Nature especially
to Doris and her team for contracting with us for such a timely publication.

Midnapore, India Pravat Kumar Shit
West Bengal, India Biswajit Bera
Kolkata, India Aznarul Islam
Barddhaman, India Sandipan Ghosh

New Delhi, India Gouri Sankar Bhunia

Preface



The preparation of this book has been guided by several geomorphologic
pioneers. We are obliged to these experts for providing their time to evaluate
the chapters published in this book. We thank the anonymous reviewers for
their constructive comments that led to substantial improvement in the
quality of this book. Because this book was a long time in the making, we
want to thank our family and friends for their continued support. This work
would not have been possible without constant inspiration from our students,
knowledge from our teachers, enthusiasm from our colleagues and collabo-
rators, and support from our family. Finally, we also thank our publisher
Springer and its publishing editor for their continuous support in the publi-
cation of this book.
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Disclaimer

The authors of individual chapters are solely responsible for the ideas, views,
data, figures, and geographical boundaries presented in the respective
chapters of this book, and these have not been endorsed, in any form, by the
publisher, the editor, and the authors of forewords, preambles, or other
chapters.
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Pravat Kumar Shit, Biswajit Bera,
Aznarul Islam, Sandipan Ghosh,
and Gouri Sankar Bhunia

Abstract

Drainage Basin Dynamics—An Introduction
to Morphology, Landscape and Modelling
book offers a flexible introduction to the study
of drainage basin evolution, system approach,
morphology, drainage basin hydrology and
sedimentology, connectivity and interaction,
human interference, river engineering, natural
and anthropogenic hazards and various man-
agement techniques. This book enormously
covers the responsible factors of sediment
yield and rate of delivery through tributaries to
the main streams within the zone of produc-
tion. Subsequently, it highlights the various

P. K. Shit

Department of Geography, Raja N.L. Khan
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S. Ghosh
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Purba Bardhaman, Chandrapur, West Bengal, India

G. S. Bhunia
Department of Geography, Seacom Skill University,
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hydro-geomorphic processes and signatures
within river channels as well as on flood
plains or specifically in the zone of trans-
portation and zone of accumulation. The
evolution of individual components of drai-
nage basins has been systematically discussed
and how they are adjusted in the geomorphic
time scale over millions of years is also
discussed. In the last two or three decades,
huge anthropogenic stress such as the con-
struction of linear embankments, revetment,
dam, barrage, sluice gate and bridge and
execution of different developmental projects
on flood plain has been intensified within the
river basin. As a result, various geomorpho-
logical and hydrological hazards have been
significantly amplified particularly in tropical
and sub-tropical regions. The main aim of this
book is to highlight the magnitude of natural
dynamicity and human intervention within the
drainage basin and to examine the micro to
macro level landforms evaluation through RS,
GIS modelling and machine learning algo-
rithms. A total of 24 chapters have been
incorporated and almost all geomorphic,
hydrological and sedimentological aspects
along with methods have been precisely
integrated in this book. Similarly, the natural
and anthropogenic hazards and their mitiga-
tion strategies have also been included in
different chapters of this book. This valuable
edited volume will definitely help the students,
researchers, scholars and policymakers for
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acquiring knowledge and integrated sustain-
able river basin or watershed management.

Keywords

Drainage basin dynamics + Morphology -
Modelling - Landforms evolution *
Sustainable basin management

1.1 Introduction

The drainage basin is a unique hydrological or
geomorphological unit and it is hierarchically
connected with other drainage basins at a lower
elevation as the sub-drainage basin. A drainage
basin or river basin simply means a topographi-
cal area where all forms of water drain through
multiple outlets and ultimately these smaller
outlets connect with a big outlet. Rivers are the
great shapers and integrators in the terrestrial
landscape. Naturally, the drainage basin has
multiple physical, chemical and biological com-
ponents, and thus, these components are inter-
connected with each other. Rivers are not only
channelized flow of water rather than a momen-
tum flow of water, sediments, solutes and
organisms. A drainage basin is basically a pow-
erful dynamic open system. This integrated
complex or complicated geomorphic system
operates under the specific environment through
the input of energy and output of materials. The
critical balance or equilibrium is still maintained
through the input and output of energy and
materials. Subsequently, the integration of the
geomorphic system is performed through pro-
cesses and landforms dynamics. This system is
interlinked with many sub-systems within the
drainage basin. This dynamic open system is
being interrupted and interacted by surrounding
drainage basin or external components. Whatever
the scale is considered, the drainage basin is a
complex open system due to multiple compo-
nents, sub-systems, interactions, structures and
inputs of materials from the surrounding envi-
ronment. The interaction between the variables
includes thresholds, lag time and feedbacks. The
geomorphic feedbacks within the river system

P. K. Shit et al.

signify the various degree or magnitude and
different dimensions of interaction at different
stretches of the river channels. Both the positive
and negative feedbacks regulate directly the river
channel components and indirectly the terrestrial
flood plain features. Fluvial thresholds connote
the abrupt changes in the river courses through
the internal or external inputs on different scales.
The rivers are not only a channelized flow but
various phrases have been used to portray the
characteristics and significance of the river and
these idioms are popularly applied such as ‘the
river corridor’ or ‘the fluvial system’ or ‘the river
system’ or ‘the river ecosystem’. The ancient
history explicitly documented that many old
civilizations or settlements established along the
river side or on the flood plains and directly or
indirectly human society received numerous
benefits from different dimensions like water
supply, aquatic plants and animals, transport,
energy and power, fertile soils and riparian
vegetations. The material inputs like water, sed-
iments, solutes and organisms are naturally
mobilized from the terrestrial flood plain and
transferred into the river channel. These inputs
are partially stored on the channel beds and
ultimately these materials are transferred through
the natural river corridor into the ocean. How-
ever, river engineering interrupts the connectivity
within the fluvial system. Similarly, human
actions (such as soft and hard engineering works
in the river system and on the flood plains) alter
the natural river flow, sediment supply and
channel morphology. The interactions between
inputs and valley context bring spatial hetero-
geneity, non-linear behaviour, connectivity and
integrity in the drainage basin. The applied
contemporary research and simulation models
comprehensively recognize the importance of
such fluvial connectivity. The fluvial connectiv-
ity explicitly defines the integration of different
components within the system and their multi-
faceted relationship among the wvariables
(Brunsden and Thornes 1979). Hydrologic con-
nectivity refers to the movement of fluid from the
sources through the hill slopes into the river
channels and eventually along river networks
(Pringle 2001; Bracken and Croke 2007). River
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connectivity simply defines the flow of associa-
tion of water, sediments, solutes and organisms
through tributary and distributaries channel net-
works (Ward 1997). Sediment connectivity
overtly describes the movement and deposition
of sediments on channel beds through multiple
river channel links (Harvey 1997; Fryirs et al.
2007a, b; Kuo and Brierley 2013; Bracken et al.
2015). Biological connectivity clearly explains
the mobility and dispersal of plant and animal
communities throughout the river course for their
biological needs and survival. Landscape con-
nectivity can refer to the integration of water,
sediments and other materials between terrestrial
landscape and river system (Brierley et al. 2006).
Structural connectivity also defines interlinks
among the landforms units within the drainage
basin. Functional connectivity basically illus-
trates the ability of assimilation between the
process-specific structural units in the system
(Wainwright et al. 2011). In general, the con-
nectivity describes the competency or capacity of
material transfer within the drainage basin
between the system components like material
mobilization from the flood plain into the river
channels or networks (Wohl et al. 2019). These
networks are the integration of geomorphic
compartments (hill slopes, flood plains, etc.),
links (confluences) and nodes (multiple channel
junctions) in spatial and temporal scale (Kupfer
et al. 2014; Heckmann et al. 2015; Passalacqua
2017). The multiple dimensions of connectivity
are more important for landform evolution as
well as the survival of both terrestrial and aquatic
species. It is very important to realize how
human alterations affect the fluvial system and
broadly the evolution of river basin morphology
(Kondolf 2006). Diverse anthropogenic activities
significantly reduce river connectivity within the
river basin or watershed (Jaeger and Olden
2012). Dam, sluice gate and culvert across the
fluvial system efficiently disrupt hydrological and
sediment connectivity along the longitudinal
courses of the river (Burchsted et al. 2010;
Magilligan et al. 2016; Mould and Fryirs 2017).
River bank stabilization and construction of
levees effectively interrupt the lateral connectiv-
ity between river channels and flood plain

(Florsheim and Dettinger 2015; Lininger and
Latrubesse 2016). Sometimes, flow diversion
may amplify the connectivity within the river
networks for the endurance of exotic animals
(Zhan et al. 2015). Various processes of chan-
nelization like dredging and straightening of river
courses boost up the longitudinal river connec-
tivity; as a result, the sediments, solutes and
organisms can transfer easily through the channel
networks. However, the various aspects such as
system, feedbacks and thresholds are signifi-
cantly regulating the drainage basin dynamics.
Dynamics simply defines the constant change
and progress within the system and the energy or
power comes from internal and external forces.
Dynamics are different types like water or fluid
dynamic, sediment dynamic, off-take and con-
fluence dynamic whereas broadly flood plain
dynamic refers to the spatiotemporal evolution of
individual landforms on diverse geomorphic
platforms. Lithology and structure, tectonic for-
ces, pedological characteristics, geomorphologi-
cal setup, environmental aspects and socio-
cultural entity greatly control the magnitude of
dynamics in different segments within the drai-
nage basin. Subsequently, human actions have
been intensified in the natural landscape as well
as within fluvial systems or river corridors. As a
result, various consequences like sediment yield,
sediment delivery ratio and accumulation of
sediments have been increased in different stret-
ches in the river channels. Through the evolution
of space and time, the river channel geometry has
been completely transformed and tremendously
modified and it is termed as river metamorphosis.
A contemporary research highlighted that the
morphology of the meandering channel has been
totally converted into the braided channel in
different pockets of the Himalayan foothills
(Bera et al. 2019a). The significant transforma-
tion of channel beds of the Chota Nagpur Plateau
region of India has been influenced by tectonic
events and channel bed structural imprints (Bera
et al. 2019b). With the advancement of science
and technology, various types of models such as
RS and GIS, mathematical, statistical and
machine learning algorithms have played a sig-
nificant role in the study of drainage basin



evolution as well as watershed management. The
evolution of morphometric parameters needs an
examination of linear, aerial and relief factors of
the channel network to assess the hydrological
system characteristics of the basin area (Horton
1932; Magesh et al. 2011; Majumdar 1982; Nag
and Chakraborty 2003; Nautiyal 1994). Further-
more, the formation of flood sediment yields,
erosion rates, surface and sub-surface runoff, and
flow regime of the drainage system are being
estimated applying the morphometric parameters
(Gardiner 1990; Ozdemir and Bird 2009). Vari-
ous software packages are accessible for analysis
of drainage basin parameters in Digital Elevation
Models (DEMs) and raster grids of satellite
images. All these platforms and algorithms are
applied for the extraction of morphometric
parameters of river networks and the design of
various thematic hybrid maps (Harvey and Eash
1996; Lin et al. 2008; Shahzad and Gloaguen
2011a, b; Thomas et al. 2012). The various
contemporary model-based studies such as flood
prediction, river bank erosion, channel cut-off,
sediment yield, channel avulsion, flood plain
evolution, watershed management and hydro-
logical modelling have properly assessed the
spatiotemporal evolution of drainage basin and
subsequently, these models have brought a sig-
nificant role for the management of contempo-
rary fluvio-hydrological hazard and disaster
along with policymaking.

1.2 Key Aims of the Book

Drainage Basin Dynamics—An Introduction to
Morphology, Landscape and Modelling book
provides a versatile introduction to the study of
drainage basin evolution, morphology, drainage
basin hydrology and sedimentology, human
interference, natural and anthropogenic hazards
and various management techniques. This book
enormously offers the responsible factors of
sediment yield and their absolute and specific
growth and rate of delivery through tributaries to
the main streams. Rivers are important geomor-
phic agents which reflect an amazing variety of
forms and behaviour, showing the wide range of
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natural environments in which they are origi-
nated. The drainage system evolution and spatial
network development within the dynamic nature
are being discussed and how they are adjusted in
the geomorphic time scale over millions of years
is also discussed. This book shows how drainage
systems function and react to change and why
this thoughtful is required for flourishing inte-
grated basin management. In tropical and sub-
tropical countries, population pressures as well as
different developmental projects are being exe-
cuted in the drainage basin without proper
planning. Today scientists consider the drainage
basin as an administrative unit during the
implementation of regional projects. In this
context, this book will carry a benchmark for
scholars and young scientists.

In addition, it will provide supporting material
and fundamental knowledge for both under-
graduate and postgraduate students. More
specifically, this book will definitely help to
think of a new research outline, various methods
and research metadata for scholars and earth
scientists. Since Drainage Basin Morphology,
Landscape and Modelling is a speedily intensi-
fying, multidisciplinary scope, the book will also
be of curiosity to those who want a wide
impression of the subject, such as hydrologists,
geologists, ecologists and engineers.

Most of the Physical geography or Geomor-
phology textbooks are currently available in the
market only for undergraduate and postgraduate
students or beyond. Similarly, most of the stu-
dents and scholars are struggling to know the
basic concepts and mathematical applications.
Different chapters are being organized to build on
itself throughout the book for the interest of
students, scholars and researchers. Chapter-wise
concepts, widely accepted methods and tech-
niques as well as case study with examples
should be highlighted. New terms and methods
should be illustrated using bold text and an
extensive glossary at the end of the book.
Selected articles will be incorporated to bring a
new shape and signature and to fulfill the overall
impression of the book as well as to comprehend
the demand of the students and scholars through
the changing paradigm.
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1.3 Organization of This Volume

The title of this book ‘Drainage Basin Dynamics
—An Introduction to Morphology, Landscape
and Modelling’ reflects the intrinsic connections
among drainage basin dynamics, morphology,
landscape and modelling. The contemporary
researches in this field have been amalgamated to
comprehend the various methods for the evolu-
tion of geomorphic landforms and combating the
hydro-geomorphic hazards and disaster.

Chapter 2 covers the morphological dynam-
ics, erosion potential and morphogenesis of la-
teritic badlands in Bengal Basin, India. The
current study examines the required conditions
for gully formation and morphological diversity
of gullies to comprehend the geomorphic inter-
pretation (viz., anomalies of geomorphic indices,
inherent and extrinsic changes, triggers and
geochronology of gully initiation) and quantita-
tive inference of hydro-geomorphic processes
(viz., rainfall-runoff simulation, sediment yield
and erosion indices) in the lateritic badlands.
These are developed as elevated interfluves (i.e.,
Rarh Bengal) of Neogene—Early Quaternary
laterites, dissected by the west—east-flowing
peninsular rivers and streams in the western
shelf zone of the Bengal Basin.

Chapter 3 covers the plan shape geomor-
phology of the alluvial valley in the middle-
lower and deltaic courses of the Subarnarekha
river basin, India. Significant techniques like
geospatial techniques, repeated field observa-
tions, total station survey and sedimentological
analysis of bank facies have been considered to
investigate the spatial diversity of plan shape
geomorphology in different sections of the stud-
ied river course. The study divulges that the
course of the river sections brings diverse
geometry of meander properties with discontin-
uous straight courses and wider valleys. The
presence of palaeo-shorelines, ancient delta-fan
lobes and cut and fill terraces along the courses
of the river valley shows the role of dynamic
marine and fluvio-marine environment within the
river basin.

Chapter 4 highlights the quantitative assess-
ment of channel planform dynamics and meander
bend evolution of River Ramganga (Ganga
Basin), India. This study focuses on the causes
and dimensions of planform dynamics through
quantitative assessment and the study tried to
bring the human actions for the modifications of
channel planform as well as the evolution of
channel corridors.

Chapter 5 focuses on the change of flow
regime, impacts on the peak flood discharge,
sedimentation process, seasonal flow pattern and
morphology of River Barakar. It is the main
tributary river of Damodar River in the
Chhotanagpur plateau fringe region of India and
the flow characteristics are altered by human
interventions. In general, the trend of water dis-
charge has been decreased from 1980 to 2013 at
both the gauge stations due to the result of
human intervention through the modification of
water discharge from the dams.

Chapter 6 presents landscape characterization
using geomorphometric parameters for a small
sub-humid river basin of the Chotanagpur Pla-
teau, Eastern India. The statistical method like
principal component analysis has been used to
demarcate distinct physiographic/landscape enti-
ties. Authors have used the classical and modern
morphometric methods along with a higher res-
olution Digital Elevation Model (DEM) to
examine the terrain characteristics of the Kharkai
River Basin. Multi-temporal land cover and land
use layers extracted from Landsat datasets were
overlain on the extracted terrain units to estimate
changes in the same across different landscape
types. The scientific study shows that the terrain
units are strongly correlated with the lithology
and here, the local slope and drainage system are
largely controlled by underlying lithology.

Chapter 7 emphasizes on River Raidak-I
migration dynamics within the Himalayan Fore-
land Basin applying quaternary sedimentological
bank facies and geospatial techniques. Natural
processes such as rapid sedimentation due to low
channel gradient, high discharge during monsoon
and non-cohesive bank materials primarily
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regulate the channel migration and erosion—ac-
cretion dynamics of the river system within the
quaternary geological site of the sub-Himalayan
alluvial flood plain of West Bengal. In addition,
human interference in the fluvial setting also
influences the channel dynamics in this area. The
current study portrays how the fluvial system or
river corridor is being disconnected from the
flood plain and longitudinal sediment, and
structural connectivity has been partially affected
by the anthropogenic stress within fast-changing
landscape.

Chapter 8 covers the spatiotemporal variation
of morphological characteristics of the River
Bhagirathi within Murshidabad district, West
Bengal (India). The different flood plain geo-
morphic features like active river channel / main
river course, tributary river channel, the seasonal
stretch of waterways, meander scar, paleochan-
nel, shallow depression, deep depression, oxbow
lake and wet sand have been identified applying
multi-temporal Landsat satellite data (1990-
2017) and Normalized Difference Water Index.

Chapter 9 portrays the sedimentation and
shifting of the lower Mundeswari and Rup-
narayan River, West Bengal, India. Applying the
modern fluvio-hydrological, pedological and
sedimentological techniques, the authors have
highlighted the natural as well as anthropogenic
factors behind unidirectional shifting tendency
along the active DamodarFault line. This field-
based study also brought how unscientific human
activities are playing a significant role to invite
flood vulnerability within the lower stretch of
this river.

Chapter 10 covers the role of controlling
factors for the development of drainage networks
around Rajmahal Hills, Jharkhand and West
Bengal state of India. The field and the geospa-
tial-based study provides ample evidence about
the development of drainage networks and here,
geology and geomorphology along with high
rainfall play a vital role in the evolution of
landforms as well as drainage networks. This
chapter also shows the important association
between lithology and landforms evolution.

Chapter 11 focuses on the role of morpho-
metric attributes for the evolution of micro
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landforms and drainage networks in the Kopai
river basin of West Bengal, India. Despite the
application of classical techniques, geospatial
and statistical techniques have been used to
identify the micro landforms as well as changing
paradigms of hydro-geomorphological processes.

Chapter 12 highlights the impact assessment
of the check dam in the pappiredipatti watershed
(South India) using LULC and NDVI signatures.
Geospatial techniques have been used to assim-
ilate spatial information pertaining to functional
characteristics of land cover within buffering
distances in the proposed site of watersheds. The
results of the Landsat data specify a decline in
the dense vegetation area that has led to wide-
spread drought conditions in some parts of the
watershed.

Chapter 13 covers the morphometric analysis
of sub-watershed and prioritization of coastal
regions of Tamil Nadu in India. In this current
study, authors have tried to comprehend the
hydro-geomorphological characteristics using
Digital Elevation Model (DEM) which is
obtained from the Shuttle Radar Topographic
Mission (SRTM) with 30 m spatial resolution.
The geospatial techniques extensively assist to
identify the drainage basin characteristics for
sustainable watershed management.

Chapter 14 highlights the spatiotemporal
variation of channel migration and vulnerability
assessment of River Bhagirathi of West Bengal,
India. Satellite images of Landsat 5 Thematic
Mapper (TM) of 1987, 1997, 2008, and Landsat
8 Operational Land Imager (OLI) image of 2018
have been used to detect the changing bank lines.
All the data are processed on ArcGIS 10.3.1
platform to prepare the maps of the river course.
This current study deeply investigated the natural
as well as anthropogenic causes of river bank
migration and fluvial dynamics of river Bhagi-
rathi applying fluvio-hydrological and geospatial
techniques.

Chapter 15 describes the landscape transfor-
mation of an alluvial channel of the Himalayan
Foothill during 1987-2020 using geospatial
technology. The current study brings significant
evidence of spatiotemporal geomorphic evolu-
tion within fast-changing landscape of the
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Himalayan foreland basin. This chapter provides
various types of avulsion mechanisms of river
Kaljani with their tributaries and also focussed on
geomorphic instability along with sustainable
relocation of settlements on the vulnerable flood
plain.

Chapter 16 highlights the river flow, sediment
flux, anthropogenic impacts and river dynamics
of South-East Asian dams and Indian rivers.
Mean monthly discharge data of 270 months
(Jan, 1998 to June, 2020) from Dartmouth Flood
Observatory (DFO) with ten gauge stations of
major Indian rivers have been used to estimate
discharge volume at different return periods
(2.3 years (Y), 5Y, 10Y, 20Y, 50Y, 75Y, 100Y,
125Y and 200Y) using Log Pearson III flood
frequency method. The hydro-geomorphic study
highly focuses on the role of the dam to alter the
characteristic of sediment and hydrology of a
drainage basin.

Chapter 17 covers the contemporary tech-
niques and integrated approach of river health
assessment especially based on physico-chemical
parameters for the River Subarnarekha, India.
Rapid alterations of land use and land cover like
urbanization, industrialization, intense agricul-
ture, etc. have been intensified for the deteriora-
tion of the river health. The authors have tried to
establish how the river ecosystem has been
damaged in different stretches of the above-
mentioned river. The field-based scientific study
has strongly recommended some relevant miti-
gation measures to restore river health.

Chapter 18 introduces an automatic approach
to classify the river network based on Strahler’s
order using Python language which is an object-
oriented, general-purpose and high-level pro-
gramming language. The approach is an end-to-
end execution wherein the Python program needs
only digital river network data as input and
output the same digital river network data with
added a field of Strahler’s order. This chapter
fundamentally highlights Strahler’s stream order
computing on digital stream network dataset for
wide applications like flood risk assessment,
water resource management, flood inundation
mapping, watershed management, etc.

Chapter 19 focuses on the morphometry-
based sub-watershed prioritization for flood
potentiality analysis of the Gumani river basin
(India) using the TOPSIS model. Various hydro-
geomorphological parameters have been consid-
ered to identify the flood potentiality analysis,
and the relative weights of the sub-watersheds
have been computed using the Technique for
Order of Preference by Similarity to Ideal Solu-
tion (TOPSIS) which ranks the alternative based
on the closest distance to the ideal solution and
the farthest distance to the negative-ideal solu-
tion. The field-based applied study also high-
lights the mitigation strategies and micro-
planning for the sustainable livelihood of the
local people.

Chapter 20 covers the NRCS-Curve Number
Method and geospatial techniques for runoff
estimation of the Kolong river basin in Assam.
Subsequently, stream flow, Hydrologic Soil
Groups (HSGs), slope and land use land cover
maps have been prepared using satellite images
on RS and GIS environments. This scientific
study strongly suggested about the availability of
hydrological resources and land use and land
cover characteristics of the river basin for sus-
tainable water resources management and agri-
cultural development.

Chapter 21 focuses on the role of drainage
basin for geomorphological processes-forms
dynamics especially of third-order basin in
Southern Nigeria. Topographic properties have
been extracted using System for Automated
Geoscientific Analysis (SAGA) version 4.0.0,
GIS software. Rockware software was used in
creating rose diagrams for lineament patterns and
channel networks. Long profile is also prepared
from Digital Elevation Models, DEMs (30 m)
within sub-basins in Upper Ogun River Basin.
This geospatial study showed the inherent rela-
tion between lithology and geomorphic attributes
for the evolution of individual landforms.

Chapter 22 covers multi-criteria-based mor-
phometric prioritization for soil erosion suscep-
tibility and denudation rate assessment of Purulia
District, India. FErosion susceptibility and
denudation rate have been measured based on
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multi-criteria morphometric prioritization and
hierarchical anomaly index using remote sensing
and GIS techniques. All the morphometric
parameters divulge the interrelations between
hydrological processes and their related geo-
morphic landforms. This chapter brings the
varying degree of susceptibility along with
appropriate hydro-geological factors which have
been responsible for spatiotemporal variations
under the Precambrian dominant granitic rock.

Chapter 23 highlights the geomorphic
appraisal of active tectonics and fluvial anoma-
lies in the Peninsular Rivers of the Bengal Basin
(West Bengal, India). Many scientific studies
documented that the peninsular river system
(viz., Brahmani, Dwarka, Mayurakshi, Ajay,
Damodar, Dwarkeswar, Silai and Kasai river
basins) are directly influenced by the underlying
geological structures and en echelon faults. The
present study attempts to comprehend the sig-
nificant role of tectonic elements, geomorpho-
metric anomalies and soft-sediment deformation
structures on the alluvial river valleys and Qua-
ternary flood plains using seismic information,
proxy data and geomorphic indices of active
tectonics, thematic mapping and stratigraphic
analysis of depositional facies.

Chapter 24 emphasizes the geomorphic evo-
lution of the Bhagirathi flood plain in West
Bengal, India, using geospatial technology. The
result of this study achieved from investigating
satellite imagery and Survey of India (Sol) to-
posheets and its propositions is a valuable data
source to know the channel planform dynamics
and will assist as a decision-making tool for
implementing drainage development works. This
geospatialbased scientific study recommended
soft and hard engineering techniques for the
mitigation of hydro-geomorphic hazards and
disasters.
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Abstract

The landforms of badlands, mainly gullies,
record accelerated water erosion into variable
regolith or soft sediments or colluviums by
integrated processes of overland flow,
mass-wasting, channel erosion and pipe flow,
mostly observed in the semi-arid and tropical
wet—dry climatic regions. Gully can be con-
sidered as an ideal geomorphic unit, and
badlands come into sight to offer the geomor-
phic laboratory of model landscape (with a
shortened temporal scale), the active fluvial
processes and resultant ravine landforms
which may be influenced by human activities
in the Anthropocene. This chapter examines
the controlling or triggering factors (intrinsic
and extrinsic changes) for gully formation and
morphological diversity of gullies (anomalies
of geomorphic indices) to realize the geomor-
phic evolution (geochronology of gully initi-
ation) and quantitative inference of
hydro-geomorphic processes (rainfall-runoff
simulation, sediment yield and erosion
indices) in the lateritic badlands of West

Bengal. These terrains are developed as
elevated interfluves (i.e. Rarh Bengal) of
Neogene—Early Quaternary Laterites, dis-
sected by the west—east-flowing peninsular
rivers and streams in the western shelf zone of
the Bengal Basin. The study has analysed that
tropical weathering of laterite profiles,
mass-wasting and water erosion processes on
the badland slopes exhibit complex spatial
variability of drainage network (i.e. topolog-
ically distinct channel networks and fractal
dimension of drainage networks) and mor-
phological attributes (e.g. hypsometric inte-
gral, stream-length gradient index, basin shape
indices, relief ratio, gully density, length of
overland flow and constant of channel main-
tenance), and the forms and processes are
quantitatively analysed to deal with the rate of
erosion and factors of gully initiation. The
study investigates the critical topographic
condition, expressed by local slope gradient
(S) and drainage area (A), controlling the
development and position of gully heads in
the landscape. Here, the model of landscape
connectivity is introduced as a crucial deter-
minant of badland morphology and evolution,
considering a theoretical energy-utilization
perspective of an open geomorphic system.
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2.1 Introduction

During the past 55 years, many studies have
documented the magnitude of soil erosion prob-
lems in different parts of the world (Table 2.1),
expressed as billions of tons of eroded soil or
billions of dollars of erosion and sedimentation
damage in each year (Ahmad 1968; Narayana
and Babu 1983; Lal 1990; Singh et al. 1992;
Kothyari 1996; Wasson 2003; Vente and Poesen
2005; Pimentel 2006; Reddy and Galab 2006;
Thakkar and Bhattacharyya 2006; Casali et al.
2009; Kumar and Pani 2013; Pimentel and Bur-
gess 2013; Sharda et al. 2013; Sharda and Dogra
2013; Froehlich 2018; Sharma 2018; Poesen
2018; Pennock 2019). It is found that the ravines
or badlands along the banks of the Yamuna,
Chambal, Mahi, Tapti and Krishna Rivers
revealed soil losses exceeding 18 t ha™' year ',
and the mean erosion rates on the alluvial Indo-
Gangetic Plains of Punjab, Haryana, Uttar Pra-
desh, Bihar and West Bengal were 5-10 t ha™!
year | (Singh et al. 1992). Interestingly, gully
erosion represents a key sediment yield process
in the landscape, generating between 10 and 95%
of total eroded mass at basin scale, whereas the
networks of the gully often occupy less than 5%
of the total basin area (Poesen 2011; Sinha and
Joshi 2012). The reservoirs and dams of India are
losing about 1.3 billion m® of storage capacity
each year due to high sediment yield of water-
sheds and siltation. That should be alarming
enough for everyone as at today’s rates, the
creation of 1.3 billion m® storage capacity would
cost Rs. 1448 crores (Thakkar and Bhattacharyya
2006). In this country, major rainfed crops suffer
an annual production loss of 13.4 Mt due to
water erosion which amounts to a loss of Rs.
205.32 billion in monetary terms (Bawa 2017;
Sharda et al. 2019). Now, the major point of
research interest is the laterite terrain of West
Bengal, eastern India (known as Rarh Bengal,
i.e. the land of red soil), which is severely dis-
sected by the dense network of rills and gullies,
developing miniature forms of watersheds and
badlands which refers to regions that soft and
poorly consolidated material outcrops, limited
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vegetation, reduced or no human activity and a
wide range of geomorphic processes, such as
weathering, gully erosion, mass movements and
piping (Bryan and Yair 1982; Martinez-Murillo
and Nadal-Romero 2018). Here, realistic assess-
ment of badland morphology, gully erosion risk
or soil loss rate of lateritic badlands thus con-
stitutes the first step for understanding the ground
reality of erosion and raising awareness among
governmental and other stakeholders in a given
region to adopt appropriate strategies for erosion
protection.

Linear erosion process by concentrated over-
land flow is a natural phenomenon that has
accelerated in Anthropocene due to climate
changes, transformation of land use and land
management practices with downbeat impact on
agriculture. Gully erosion is a significant and
intensive process of soil erosion, which accounts
for 10-94% of watershed sediment export by
flowing water (Poesen et al. 2003; Dube et al.
2020). The morphology of water erosion are
either rills or gullies, with rills corresponding to
the smaller structures with incision depths below
0.25 m and gullies corresponding to features
deeper than 0.25 (Poesen 2018; Dube et al.
2020). A gully is normally defined as a severely
incised channel on a valley side or hillside,
generally cut by flow water, and often containing
an ephemeral flow, and also gullies are generally
isolated fluvial features that cut into a smoother
pre-existing surface, and typically rectangular or
U-shaped or V-shaped in cross-section, having
one or many head cuts and kinckpoints in
channel profile (gully cross-section area may be
greater than 928 cm?) (Bull and Kirkby 1997;
Poesen et al. 2003; Kirkby and Bracken 2009).
Gullies or ravines or badlands are getting more
importance in recent decades because these
changes in landscapes have severe economic
consequences and may disrupt land productivity
and livelihoods. According to Torri and Poesen
(2014), the lines or fluvial networks of prefer-
ential connection is observed in between uplands
and the main channel or floodplain, and this
system has enough ability to modify water and
sediment connectivity during intense rainstorms.



2 Morphological Dynamics, Erosion Potential ...

Table 2.1 Important research works on the gully geomorphology and badland evolution

Title of article/Book chapter/Book

Distribution and Causes of Gully Erosion in
India

Rill and Gully Erosion in the Subhumid
Tropical Riverine Environment of Teonthar
Tahsil, Madhya Pradesh, India

Drainage evolution in a badland terrain at
Gangani in Medinipur District, West Bengal

Gully processes and modelling

Gully Erosion and Management: Methods and
Application

Geomorphological Investigation of Badlands:
A Case Study at Garhbeta, West Medinipur
District, West Bengal, India

Gully Erosion: Impacts, factors and Control

Soil erosion science: reflections on the
limitations of current approaches

Connectivity as a crucial determinant of
badland morphology and evolution

Principles of Soil Conservation and
Management

Progress of Researches in Ravines and Gullies
Geomorphology in India

Degraded Lateritic Soils Cape and Land Uses
in Birbhum District, West Bengal, India

Handbook of Erosion Modelling

A review of topographic threshold conditions
for gully head development in different
environments

Authors
Ahmad (1968)

Singh and
Agnihotri (1987)

Bandyopadhyay
(1988)

Bull and Kirkby
(1997)

Singh and
Dubey (2002)

Sen et al. (2004)

Valentin et al.
(2005)

Boardman
(2006)

Faulkner (2008)

Blanco and Lal
(2008)

Sharma (2009)

Jha and Kapat
(2011)

Morgan and
Nearing (2011)

Torri and Poesen
(2014)

Remarks

One of earliest articles on the genesis and
evolution of gullies in Indian terrains

One of earliest attempts to address gully
erosion in the terrain of India; and developing
gully erosion research as part of Indian fluvial
geomorphology

Geomorphic explanation of badland evolution
in the Gangani badlands

Exploring the processes of gully erosion and
modelling the flow erosion processes

An important book having key chapters
devoted to outlook of research design,
morphological techniques of erosion
assessment and field measurements of soil
erosion

Analysing spatio-temporal extent of gullies,
morphological dynamics of gullies and
evolutionary stages of badland development in
the Gangani badland, Garhbeta (Paschim
Medinipur)

Key geomorphic aspects of gully erosion
across the world, components of gully,
topographic threshold and controlling factors
of erosion

Indentifying the research achievements,
advances and gaps in the study of soil erosion

Introducing the concept of coupling and
landscape connectivity to explain the evolution
of badlands in the semi-arid landscape

Evaluating the various aspects of water
erosion, effect of erosion, quantitative
modelling and strategies of soil conservation
sustainable for farmers

Depicting the various ideas and concepts
related to ravines of Chambal Valley and
analysing the theoretical models of ravine
development in India

Emphasizing the distinctiveness of laterite
soils, morphology of gullies and land
degradation processes in Birbhum District of
West Bengal

Important empirical and physical-based
erosion model used in various spatial and
temporal scales

Examining the slope—area threshold model to
understand the critical condition of gully
initiation in different parts of the world
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Due to the importance of gullies or ravines or
badlands as a sediment source of watershed,
gully erosion needs to be better understood,
managed and its effects mitigated (Torri and
Poesen 2014). Rills and gullies are primarily
initiated through two key hydrological processes:
(1) surface flow transport soil particles, and
(2) subsurface flow resulting in piping. The
concentration of surface flow is a function of rain
intensity, infiltration rate, land use type and soil
properties that govern water infiltration rate and
runoff rate mostly in the catchments of gullies
(Kirkby and Bracken 2009). In contrast, piping
can be a result of abrupt retardation of infiltration
rate by a less permeable sub-soil layer, which
facilitates high subsurface lateral flow, and the
tunnels eventually collapse leading to the initia-
tion of the linear features (Dube et al. 2020). The
gully systems, once formed, tend to grow larger
and are very difficult and costly to eradicate. It is
therefore important to understand the processes
of gully formation and the sensitivity of areas to
gullying, in order to recommend and adopt the
preventive measures that will minimize the risks
of new gullies and slow or reverse the growth of
existing systems (Bull and Kirkby 1997; Kirkby
and Bracken 2009; Poesen 2018).

Gully is an active geomorphic unit in surface
evolution and is widely distributed in the world,
mostly in the badlands. Given the special position
of gullies on the earth’s surface, the spatial dis-
tribution, influential factor and the evolutionary
process of gully landforms have been a focus in
geomorphology and erosion research (Erskine
2005; Li et al. 2019). The morphology of gullies
or other concentrated flow erosion channels (e.g.
length, width, depth, surface area of gully top and
volume) found all over the world vary highly in
respect of sediment characteristics and climatic
characteristics (Bocco 1991; Ionita 2003; Poesen
et al. 2003; Valentin et al. 2005; Torri et al. 2006;
Vanmaercke et al. 2012; Wells et al. 2016; Poesen
2018). Previous literature reviews on linear ero-
sion have considered the main mechanisms of
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channel incision and development and the main
factors of control and modelling approaches
(Poesen et al. 1998; Valentin et al. 2005; Casali
et al. 2006; Torri et al. 2006; Vanmaercke et al.
2012; Poesen 2018; Li et al. 2019). Many geog-
raphers and geomorphologists (Niyogi et al.
1970; Biswas 1987; Bandyopadhyay 1988; Sen
et al. 2004; Sen 2008; Ghosh and Maji 2011; Shit
and Maiti 2012; Ghosh 2013; Shit et al. 2013;
Roy and Sahu 2016; Ghosh and Guchhait 2017
and 2020; Shit and Adhikary 2020; Islam et al.
2020; Saha et al. 2020; Sarkar et al. 2020; Mahala
2020) have also explored and analysed the mor-
phodynamics and erosion processes in the bad-
lands of West Bengal which are mostly developed
over the Early-Middle Quaternary secondary
laterites (i.e. Rarh Bengal) of the Bengal Basin
western shelf zone. These studies yielded
important scientific and, to our knowledge, sys-
tematic compilation of the morphological char-
acteristics of gully erosion channels found under
different environments worldwide and West
Bengal has been made, but there are a need for
new-fangled or innovative research outputs in soil
erosion study to explore the morphogenesis and
erosion potential of lateritic badlands using drai-
nage basin morphometry, hydrological models,
geo-statistical tools and advanced geomatics. It is
desirable to stress more quantitative information
on gully morphology (indentifying the forms,
anomalies and regional patterns) for a better
understanding of controlling factors and landform
evolution, because a gully can be considered as a
geomorphic unit of study, and the badlands can
be recognized as a model landscape to investigate
the process—form relationship. The main objec-
tive of this chapter is to provide the quantitative
hydro-geomorphic expressions of gully topology,
morphology, geochronology and channel erosion
potential (i.e. topographic thresholds), and finally,
evolutionary model of Rarh badlands which are
fundamentals to achieve an improved under-
standing of the formation mechanism of gullies
and resultant landform anomalies.
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2.2 Geomorphic Identities of Study
Area

In West Bengal, the lateritic uplands or upland
red soil groups (Singh et al. 1998) occur along a
NE-SW trending belt parallel to the western
margin of Bengal Basin. This unique geomorphic
region (i.e. western shelf zone of Bengal Basin)
is designated as Rarh Bengal by Bagchi and
Mukherjee (1983). The zones of laterites with
Neogene gravel deposits are the main spatial unit
of study, bounded by the latitude of 21°30’ to 24°
40" N and longitude of 86°45" to 87°50" E
(Fig. 2.1). The duricrusts, ferruginous gravels
and kaolinite deposits (from Rajmahal Basalt
Traps to Subarnarekha Basin) appeare as inter-
fluves (uplifted terrain in between 90 and 40 m
from msl) and border this province to make the
transitional diagnostic tropical weathering sur-
face and distinct sedimentary Early Quaternary

lithofacies in between the Archaean—-Gondwana
litho-unit at the west and the Late Quaternary
alluvial litho-unit of Bengal Basin at the east
(Niyogi et al. 1970; Niyogi 1975; Biswas 1987;
Das Gupta and Mukherjee 2006). The west—
central part of West Bengal is neo-tectonically
influenced by the basin margin faults systems
(i.e. Chota Nagpur Foothill Fault, Garh Moyna—
Khandoghosh Fault and Pingla Fault), and the
zone of laterites is placed in between the fault
systems as an uplifted block.

It is observed that The lateritic Rarh region
and plateau fringe (covering districts of Purulia,
Bankura, Paschim Bardhaman, Birbhum and
Paschim Medinipur) show lower T value (soli-
tolerance level) ranging from 2.5 to 5.0 Mg ha™"
year ' (Mondal and Sharda 2011; Lenka et al.
2014), signifying high susceptibility to rill and
gully erosion. A parallel west—east-flowing (due
to general west to east trending slope of
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underlying structure) peninsular drainage system
(viz., Brahmani, Dwarka, Mayurakshi, Ajay,
Damodar, Dwarakeswar, Silai, Kangsabati and
Subarnarekha rivers) dissects the lateritic Rarh
region into patches of badlands and tropical
deciduous forests of West Bengal (an area of
7,700 km?). The tropical plant species include
Shorea robusta, Madhuca indica, Terminalia
chebula, Eucalyptus globulus, Tectona grandis
and Acacia auriculaeformis (Ghosh and Guch-
hait 2015). This region bears the characteristics
of a tropical hot and sub-humid type of monsoon
climate (mean annual rainfall of 1200-
1600 mm), controlled mainly by proximity to the
Bay of Bengal in the south and the alignment of
the Himalayas in the north (Singh et al. 1998).
The spatial scale of geomorphic study is the
watershed or basin of a gully in the badlands.
The drainage basin is an ideal geomorphic unit,
and it may be defined as the area which con-
tributes water to a particular channel or set of
channels (Leopold et al. 1992). It is the source
area of precipitation eventually provided to the
stream channels by various paths. As such, it
forms a convenient unit of the earth’s surface
within which basic climatic quantities can be
measured and characteristics landforms descri-
bed, and a system within which a balance can be
struck in terms of inflow and outflow of moisture
and energy (Leopold et al. 1992). So, in this
study gully basins of six badlands (laterite ter-
rain) are selected to analyse the topology, mor-
phology and erosion processes. The geographical
extensions of these badlands are depicted as
(Figs. 2.2, 2.3 and 2.4) follows: (1) Bhatina
Badlands of Birbhum (24°12'26" to 24°08'57" N,
87°39'52" to 87°44'35" E), (2) Surul Badlands of
Birbhum (23°40'50" to 23°40'04" N, 87°3829"
to 87°39'35" E), (3) Radhamohanpur Badlands of
Paschim Bardhaman (23°35'42" to 23°34'45" N,
87°29'41" to 87°30'57" E), (4) Birsingha Bad-
lands of Bankura (23°1226" to 23°09'50" N, 87°
25736" to 87°27°07" E), (5) Gangani Badlands of
Paschim Medinipur (22°51'58” to 22°51'12" N,
87°20'15" to 87°21'06" E) and (6) Bagnada
Badlands of Paschim Medinipur (22°53"25" to
22°51'46" N, 87°08'49" to 87°10'16"E).
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In these badlands 11 basins of permanent
gullies and seventy gully head cuts are selected
for the morphometric study. The land use—land
cover (LULC) classification of these badlands
(Fig. 2.5) reveals five major classes which can be
detected as mainly natural forest cover, shrub
land, barren surface, built-up area, arable land
and water bodies. The important finding of
LULC classification is that (1) natural forest
cover of badlands varies from 20.83 to 30.60%
of total area, (2) shrub land and barren surface
varies from 32.13 to 42.12% of total area,
(3) road networks and built-up areas varies from
7.27 to 14.13% of total area and (4) the areal
coverage of arable land varies from 16.10 to
32.66% of total area, respectively (Fig. 2.3).
These LULC classes reveal the role of human
activity on the landscape through agriculture,
roads and settlements. Generally, the thin solum
is loamy-skeletal and hypothermic (sandy loam
to sandy clay loam texture of red soils) in nature
developing on the barren lateritic wastelands
with sparse bushy vegetation and grass. The dark
reddish to brown coloured sandy clay loam of 0-
16 cm (A, horizon, maximum grass root zone) is
developed over the fragmented secondary later-
ites. These ferruginous soils have weak fine
crumb and granular structure (slightly hard, fri-
able and slightly sticky), 2-5 mm size of man-
ganese nodules, >2 mm size of ferruginous
nodules with goethite cortex, 30-40% travels and
pebbles, excessive drained surface and ,H of
5.4-5.7. The annual soil erosion rates of these
regions range from 10.415 to 17.605 t ha™'
year .

2.3 Materials and Methods

2.3.1 Secondary Data Collection

The key sources of the main secondary data are
regional soil report, geology report and other
physical environmental reports published by
NBSS and LUP (National Bureau of Soil Service
and Land Use Planning), Census of India, district
gazetteer, Irrigation and Waterways Dept. of
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Govt. of West Bengal IWD), Geological Survey
of India (GSI), related e-books and e-journals. In
this case, we have gathered the daily rainfall data
from six IWD automatic rain-gauge stations
(https://wbi.wd.gov.in) at (1) Rampurhat (24°

10'13" N, 87°46'50" E), (2) Shyambati
(234141 N, 874,054 E), (3) Satkahania
(233544 N, 872957 E), (4) Sonamukhi
(231757 N, 872458 E), (5) Amlagora
(225044 N, 872003 E) and (6) Simlapal

(225458 N, 870413 E) which are situated in and
around the study areas, having an areal distance

of 18-25 km. From the database, we have
selected the rainfall events (10 days) of greater
than 50 mm from June to August 2020, and these
events vary from 52 to 144.5 mm of rainfall in
2020 for the SCS-CN (Soil Conservation Service
Curve Number) modelling. The relevant soil data
was collected from the official website of
BHOOMI geoportal (www.bhoomigeoportal-
nbsslup.in), prepared by Indian Council of
Agricultural Research (ICAR) and National
Bureau of Soil Survey and Land Use Planning
(NBSS&LUP).
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Fig. 2.4 Panoramic view: Badlands of Rarh laterites having potential for geomorphosites at (a) Bhatina, Birbhum,
(b) Garhbeta, Paschim Medinipur, (¢) Radhamohanpur, Paschim Bardhaman and (d) Surul, Birbhum
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Fig. 2.5 The spatial distribution of selected land use—land cover classes in the (a) Radhamohanpur badlands, (b) Surul
badlands, (c¢) Bhatina badlands, (d) Birsingha badlands, (e) Gangani badlands and (f) Bagnada badlands
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For the LULC classification of badlands the
Sentinel 2A (10-m resolution), images of tile
numbers T45QWF and T45QWG (date of
acquisition: 31 December 2019) were collected
from the website GloVis of USGS (https://glovis.
usgs.gov), having 12 numbers of bands (range of
central wavelength: 0.443-2.190 pm). To get
relief and drainage information, the SRTM
(Shuttle Radar Topography Mission, 30-m reso-
lution or 1 arc-second) digital elevation model
(DEM) data (vertical datum of EGEM96 and
horizontal datum of WGS84), prepared by the
National Aeronautics and Space Administration
(NASA) and the National Geospatial-Intelligence
Agency (NGA), is used here using ERDAS
Imagine 9.1, ArcGis 9.1 and Global Mapper 21.0
software. The SRTM data was collected from the
official website Earth Explorer of United States
Geological Survey (USGS, https://earthexplorer.
usgs.gov).

2.3.2 Digital Topographic Analysis

To create a watershed, the Global Mapper 21.0
software allows the user to perform a ‘watershed
analysis tool’ on the loaded terrain data to find
the stream paths as well as delineate the water-
shed areas that drain into a given stream section.
The watershed calculation used the eight-
direction pour point algorithm (D-8) to calcu-
late the flow direction at each location, along
with a bottom-up approach for determining flow
direction through flat areas and a custom algo-
rithm for automatically filling depressions in the
terrain data of SRTM 30 m. The ‘stream
threshold section’ of Global Mapper 21.0 con-
trols how much water must flow to a particular
cell before it is considered a part of a stream.
Larger values of cell count will result in only
more water flow areas being delineated, while
smaller values will cause more minor water flows
to be marked as streams or permanent gullies.
Each stream segment (i.e. portion between inflow
and outflow) is detected in this analysis, and the
indentified drainage lines of Google Earth Pro
Web-GIS (.kml files) are super-imposed on the
DEM-derived stream segments to a detailed
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network of streams or gullies at a micro-basin
scale. After that, the option of ‘calculate Strahler
stream order’ is used to generate a Strahler
attribute containing a value classifying each
stream of the watershed. In addition, the flow
direction point creation option of the software
creates a point feature (3D view) with the
direction (flow angle) and magnitude (flow
accumulation the count of cells flowing to a
given cell) attribute at each point, then enabling
the layer point style for the quiver plot. The
options of ‘create contour’ and ‘path profile tool’
are widely used to display a vertical profile along
the specified path using loaded DEM data. The
‘path profile’ or ‘line of sight’ dialog displays the
3D path profile and provides several essential
information of relief, slope, elevation differences,
dissection, cut-fill volume and long profile of
elevation with changing gradient related to the
profile. The 3D path profile is derived by
selecting a buffer of 2000 m path, containing the
mean elevation of counted cells.

2.3.3 Topology of Drainage Network

Spatial distribution of links (branches) in a
drainage basin having a systematic relationship
with slope, discharge, rock or soil types and type
of exposure is to be studied with due importance
for the evolution of drainage in the ravines or
badlands (Maiti 2016). This branching system
develops due to the bifurcation at the source and
the development of numerous rills and gullies on
the valley side slopes. The Horton—Strahler sys-
tem of stream ordering does not provide the
hierarchical magnitude of streams from source to
outlet. So, in this part the schemes (Shreve 1966
and 1967; Scheidegger 1967; Ranalli and
Scheidegger 1968; James and Krumbein 1969;
Smart and Wallis 1971; Mock 1971 and 1976;
Dacey and Krumbein 1976; Zaliapin et al. 2010;
Zanardo et al. 2013) of stream magnitude and
link branching system are applied in the
badlands.

Topological identity means that the plani-
metric projections of two-channel networks with
the same number of sources can be rotated and


https://glovis.usgs.gov
https://glovis.usgs.gov
https://earthexplorer.usgs.gov
https://earthexplorer.usgs.gov

2 Morphological Dynamics, Erosion Potential ...

deformed within the projection plane so as to
become congruent (Mock 1976). The infinite,
topologically random model as stated by Shreve
(1966) is “...in the absence of geological con-
trols a natural population of channel networks
will be topologically random”, and later (Shreve
1967) “....in the overall network which will be
termed as infinite topologically random channel
network, all topologically distinct sub-networks
with the same number of sources occur with
frequency”. Only two properties are necessary to
define topological identity—the number of
sources and the arrangement by which they are
linked together to form a network (Mock 1971).
Most of the common geomorphic descriptors and
parameters are independent of topology. The
number of topologically distinct arrangements
increases rapidly with increasing network size.
Since Shreve (1967) introduced the topologically
random model, a sizeable body of work has
accumulated in which natural channel networks
have been examined within the predictive
framework of the model.

Three important aspects of this study deal
only with gully network development—(1)
development of a numerical hierarchical net-
work, (2) the law of stream numbers and (3) the
law of stream lengths (Strahler 1952). The ulti-
mate tributaries in a gully network are designated
as order 1. Wherever two streams of the same
order, €, join, the resulting stream is of order
Q + 1. Wherever two streams of unequal order
join, the succeeding streams are of the higher
order (there is no change of order in the trunk
stream). A complete stream consists of the entire
reach of channels from the formation of order Q
to the point where it terminates in a higher order.
If we let Ng and Ng,; be the number of streams
or order Q and Q + 1, respectively, then Ry, the
bifurcation ratio (Strahler 1952), is defined as

Ry, = No/Na 41

The empirical rule, given by Horton (1945), is
that R, tends towards through a range of Ry
which is used to formulate the law of stream
numbers, namely
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Nq = R{;_Q

where k is the order of the master stream (or
drainage basin).

Horton (1945) stated the law of stream
lengths:

Lig = LiR$!

where L, is the mean length of the first order, L'
is the mean length of Q order streams, R is
stream-length ratio (R, = L'q/L'_;) and L'q_; is
the mean length of lower order streams.

In the gully network, exterior links (sources)
are those that extend from the gully heads to the
first junction, and interior links are the channel
segments extending between two junctions or
any junction and outlet (Maiti 2016). A network
with n sources has (n — 1) nodes and (2n — 1)
links, of which n are exterior links and (n — 1) are
interior. James and Krumbein (1969) and Dacey
and Krumbein (1976) distinguished bifurcation
from branching and two types of links, viz., ‘cis’
and ‘trans’ links. Cis links are formed by two
successive tributaries joining the main stream on
the same side of the channel. Trans links are
formed by two successive tributaries joining the
main stream from the opposite sides. By means
of the concept of magnitude, it is possible to
define several types of interior links and two
types of exterior links (Mock 1971):

e Exterior Links—There are two types of exte-
rior links. The S (source) link is a magnitude 1
link that joins another magnitude 1 link at its
downstream fork. The TS (tributary source)
link is a magnitude 1 link that joins a link of a
magnitude greater than 1 at its downstream
fork.

e [nterior Links—The B (bifurcating) link is a
link of magnitude u that is formed at its
upstream fork by the confluence of two links,
each of a magnitude of 1/2 p and that flows at
its downstream fork into a link of a magnitude
of less than 2u. The TB (tributary bifurcating)
link is a link of magnitude p that is formed at
its upstream fork by the confluence of two
links, each of a magnitude of 1/2u and that
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flows at its downstream fork into a link of
magnitude greater than or equal to 2u. The T
(tributary link is a link of magnitude p that is
formed at its upstream fork by the confluence
of two links of unequal magnitude and that
flows at its downstream fork into a link of a
magnitude greater than or equal to 2. The CT
(cis—trans) link is a tributary link if stream
magnitude becomes p which is formed at its
upstream fork by the confluence of two links
of unequal magnitude, and CT link flows at its
downstream fork into a link of a magnitude of
less than 2.

The last downstream link for any system
under study, i.e. the highest magnitude link, is
arbitrarily defined as either T or TB link
depending on the magnitude relationships at its
upstream fork (Mock 1971). Let M signify the
magnitude of a network, and the magnitude of
individual links. A network of magnitude
M contains M exterior links (u=1) and M — 1
interior links (u > 1) (Mock 1976). The total
number of links is 2M — 1 for a network of
magnitude of M. Let N(M) be the number of
topologically distinct arrangements possible for a
network of magnitude M. N(M) is given by

N(M) = 1/2M~1 (2M—1 M)

Mock (1971 and 1976) defined the probability
(fraction between 0 and 1 or in percentage) of
drawing exterior (P ex), interior (P,), source
(Pus) and tributary source links (P,) from a
topologically random population of magnitude M:

Prox = M/ (2M~1)
P = (M—1)/(2M—1)
Pu = M(M—1)/(2M — 1)(2M — 3)
Pus = (M/2M—1) (M—2/2M~3)

2.3.4 Morphometric Attributes

Morphometry is defined as the quantitative
measurement of landscape shape. At the simplest
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level, landforms can be characterized in terms of
their size, elevation and slope. Quantitative
measurements allow geomorphologists objec-
tively to compare different landforms and to
calculate less straightforward parameters (geo-
morphic indices) that may be useful for identi-
fying a particular characteristic of an area (its
level of erosion intensity, stage of landform
evolution and also tectonic activity). Some geo-
morphic indices have been developed as basic
reconnaissance tools to identify areas experi-
encing active erosion and landform dissection in
response to terrain relief and slope variations. In
this analysis of gully erosion, some of the geo-
morphic indices are found to be quite useful to
detect the form—process relationship and
anomalies in relief and slope, such as Length of
Overland Flow (Horton 1945), Hypsometric
Integral (Strahler 1952) (Fig. 2.6a), Basin Cir-
cularity Ratio (Miller 1953), Basin Elongation
Ratio (Schumm 1956), Constant of Channel
Maintenance (Schumm 1956), Relief Ratio
(Schumm 1956), Sinuosity Index (Schumm
1956), Dissection Index (Dov Nir 1957), Stream-
Length Gradient Index (Hack 1973) and Fractal
Dimension of Drainage Network (Barbera and
Rosso 1989) (Table 2.2).

2.3.5 SCS-CN Method and Runoff-
Sediment Yield Coupling

The Soil Conservation Service Curve Number
(SCS-CN) rainfall-runoff simulation model
(Mishra and Singh 2003; Mishra et al. 2006;
Bhunya et al. 2014; Gajbhiye et al. 2014; Sri-
vastava and Imtiyaz 2016; Meshram et al. 2017)
is based on the water balance equation and two
fundamental hypotheses. The first hypothesis
equates the ratio of the actual amount of direct
surface runoff (Q) to the total rainfall (P) (or
maximum potential surface runoff) to the ratio of
the amount of actual infiltration (F) to the
amount of the potential maximum retention (S).
The second hypothesis relates the initial
abstraction (/,) to the potential maximum reten-
tion. The direct runoff (Q) can be derived as
follows (Mishra and Singh 2003):
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Fig. 2.6 a A conceptual model to understand the hypsometric integral of a basin, and b a conceptual model of the
block diagram to show the threshold components of a gully

Table 2.2 Geomorphic indices used to determine morphometric signatures of gully basins

Indices

Length of overland
flow (Lg)

Hypsometric
integral (HI)

Constant of channel
maintenance (Cy,)

Basin elongation
ratio (ER)

Basin circularity
ratio (R.)

Fractal dimension of
drainage network
(FD)

Stream-length
gradient index (SL)

Dissection index
(Dy)

Relief ratio (R,)

Sinuosity index (SI)

Computed
by

Horton
(1945)

Strahler
(1952)

Schumm
(1956)

Schumm
(1956)

Miller
(1953)

Barbera
and Rosso
(1989)

Hack
(1973)

Nir (1957)

Schumm
(1956)

Schumm
(1956)

Formula
L, = 1/2D; D = drainage density

HI = (Emean - Emin)/(Emax - Emin); Emean = mean
elevation of the selected basin; E,,x = maximum
elevation of the selected basin; E,;, = minimum

elevation of the selected basin

Ch, = Ay/ZL; Ap= basin area; XL = total length of
stream

Eg = 2/(Ay/m)/Ly; Ay, = basin area; L, = maximum
basin length; m = 3.14

R. = Ay /P; A, = basin area; P = area of circle of same
perimeter

= InRy/InRy; R, = bifurcation ratio; R; = stream-
length ratio

SL =(h/l)Lg; h = changes in elevation of the reach
around the selected point; / = length of the channel in
between the selected elevation contour; /L; = longest
length of the channel from the drainage divide to the
selected point of the reach

Dy = (Epmax — Emin)/Emax; Emax = maximum elevation of
the selected basin; E,,;, = minimum elevation of the
selected basin

R, = H/Ly,; H = elevation difference between maximum
and minimum height; L, = maximum basin length

SI = ALy/ELy; AL, = actual or observed length of the
stream; ELy= expected length of the stream

Application to
geomorphology

Choudhari
et al. (2018)

Hassen et al.
(2014)

Choudhari
et al. (2018)

Asthana et al.
(2015)
Asthana et al.
(2015)

Mahmood and
Gloaguen
(2014)

Joshi et al.
(2013)

Bhunia et al.
(2012)

Choudhari
et al. (2018)

Joshi et al.
(2013)
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Q= (P-1L)"/(P-I,+ S)

The equation is valid from P > I,; QO =0,
otherwise. According to Mishra and Singh
(2003), the equation can be written as

Q= (P—0.25)*/(P+0385)

In practice, S is derived from a mapping
equation expressed in terms of the curve number
(CN) (Mishra et al. 2006):

S = 1000/CN—10(where S in inch)
The equation is transformed to SI units:
S = 25400/ CN—254(where S in cm)

The CN is a dimensionless value (30-100) to
reflect the runoff yield for a specific event-based
rainfall in respect of land use-land cover, soil
type (selecting hydrologic soil group B), hydro-
logic condition and antecedent moisture condi-
tion (AMC), computed in Indian context
(Meshram et al. 2017). The CN value is adjusted
to the local slope of the gully basin, considering
the effect of slope on runoff (Meshram et al.
2017). The weighted CN values are derived
based on the areal coverage of land use and land
cover at each badlands.

One measure of geomorphic activity is sedi-
ment yield, which is defined as the amount of
sediment per unit area removed from a watershed
by runoff during a specified period of time.
Sediment yield can be defined as the amount of
sediment reaching or passing a point of interest
in a given period of time and sediment yield
estimates are normally given as tonnes per year.
Coupling the SCS-CN method and the Universal
Soil Loss Equation (USLE), a new model is
proposed for the estimation of the rainstorm-
generated sediment yield from a watershed (un-
gauged sites of badlands). Both the SCS-CN
method and the USLE method share a common
characteristic in that they account for watershed
characteristics, albeit differently. It is therefore
conjectured that by coupling these two methods,
one can compute the sediment yield from the
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knowledge of rainfall, soil type, land use and
antecedent soil moisture conditions. It is a scal-
ing down approach of hydrology where the
annual basis of soil erosion rate estimation comes
down to daily basis sediment yield at each rain-
fall event. The methodology of SCS-CN and
USLE coupling (i.e. rainfall-runoff erosion
modelling) is adapted from the works of Mishra
and Singh (2003), Mishra et al. (2006), Bhunya
et al. (2014), Gajbhiye et al. (2014) and Srivas-
tava and Imtiyaz (2016). The estimation of runoff
is derived from the following equation (Mishra
and Singh 2003):

0 = (P—1,)*/(P—I,+ S,)

where Q is runoff (mm), P is total rainfall
(mm), I, is the initial abstraction (mm) and S, is
the potential maximum retention (mm).

The USLE estimates the potential soil erosion
(sheet and rill erosion) from upland areas, and it
is expressed as follows (Wischmeier and Smith
1978; Ghosh and Guchhait 2020):

Er=R. - Kq- Ls- C;- Py

where Er is the annual potential soil loss per
unit area (t ha™! yearfl), R. is the rainfall and
runoff factor (MJ mm ha " yearfl), Kj is the soil
erodibility factor, Lg is the slope-length and
slope-steepness factor, C; is the cover and man-
agement factor and Py is the support practice
factor.

Taking I, = 0.2 S, which is standard practice,
the equation of sediment yield can be recast as
(Mishra et al. 2006)

Sy = (P—0.25,)Er/P +0.85,

which suggests that sediment yield (Sy, t ha™ ")
reduces with the increasing initial abstraction and
vice versa.

2.3.6 Quantitative Measures of Gully
Erosion Potential

With the methodological framework of geomor-
phology and hydrology the discipline of soil
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erosion science is tried to find out the following
research questions: (1) Where is erosion occur-
ring? (2) Why is it happening and who is to
blame? (3) How serious is it? (4) How does it
affect? (5) Where do gullies develop in the
landscape? (6) Is there any role of active tec-
tonics in badland development? (5) What should
be the response? (6) Can we assess it? (Poesen
et al. 1998; Boardman 2006; Joshi and Nagare
2013; Borrelli et al. 2020). In this study the
quantitative measures, used by Begin and
Schumm (1979), Vandaele et al. (1996), Poesen
et al. (1998 and 2002), Joshi and Nagare (2013),
Torri and Poesen (2014), Rossi et al. (2015),
Yibeltal et al. (2019), Ghosh and Guchhait
(2020), Geeter et al. (2020), Kariminejad et al.
(2020) and Sidorchuk (2020), are applied to
estimate the erosion potential of gully and topo-
graphic threshold of gully initiation.

Topography is an important factor controlling
gully erosion rates. The study of self-enhancing
feedback mechanisms generally is encouraged by
a threshold approach, whereas the study of self-
regulating feedback mechanisms generally is
encouraged by an equilibrium approach (Bull
1980). A threshold is a turning point or boundary
condition that separates two distinct phases of an
inter-connected process, a dynamic system that is
powered by the same energy source (Ghosh and
Guchhait 2020). The possibility of predicting the
spatial occurrence of gullies from topographic
attributes using a power function has been
investigated by various researchers around the
world (Torri and Poesen 2014; Rossi et al. 2015).
Usually, the topographic threshold conditions for
gully heads are reported as double logarithmic
plots of upslope area (A) and slope gradient (§),
where A (ha) is the area of the catchment drain-
ing towards the gully head and S (tangent, m
m™") is the local slope of the soil surface at the
gully heads (Fig. 2.4b) (Patton and Schumm
1975; Poesen et al. 2002; Torri and Poesen
2014). The relation between critical valley slope
and drainage basin area (S =a Afb, where
a = coefficient and b = exponent of relative area)
is used as a predictive model to locate those areas
of instability within alluvial valleys where gullies
will form:
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S=aA™?

A threshold line is drawn through the lower
limit of scatter of the points, and this line rep-
resents, for a given area, a critical value for
valley slope above which entrenchment of the
laterite should occur. A theoretical division of the
landscape into process regimes in terms of log S
(X-axis) and log A (Y-axis) signifies different
geomorphic thresholds to gully erosion, and the
resultant critical threshold line is demarcated as
the Montgomery—Dietrich (MD) envelope,
through A-S threshold (Vandekerckhove et al.
1998; Moeyersons 2003; Montgomery and
Dietrich 1994; Samni et al. 2009). Patton and
Schumm (1975) and Begin and Schumm (1984)
began modelling gully erosion as a threshold
process and suggested that the equation defining
threshold could be derived from the fact that
concentrated overland flow should produce flow
shear stresses in excess of a critical value to
erode a gully channel (Torri and Poesen 2014).
The final expression of the equation is (Torri and
Poesen 2014; Rossi et al. 2015; Bartley et al.
2020)

SAY > K or §> KA?

where K is a sort of black box coefficient or
constant which depends on local climate (rain-
fall), soil and land use (reflecting water infiltra-
tion rate, soil shear strength and hydraulic
roughness). To initiate gully head sinus of slope
gradient must be greater than the K value (Sin
S > K). Torri and Poesen (2014), Rossi et al.
(2015) and Kariminejad et al. (2020) give an
expression of K as follows:

K = 0.73ce'**F€(0.001245 0s—0.037)A 0

where S s (in mm) is the potential rainfall
abstraction and infiltration during a rainfall as
used in the SCS-CN method (AMC-II condition),
RFC is the percentage of rock fragments, c is
assumed equal to 1 and A is the upslope con-
tributing area (ha).

Runoff is the main parameter in assessing the
potential triggering of gully heads, but a
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comprehensive investigation of such erosion
should consider local conditions such as mor-
phology, land use, soil characteristics and vege-
tation. To account for all these aspects, the
LANDPLANNER (Landscape, Plants, Landslide
and Erosion) model applied a potential erosion
index (PEI) defined by the following equation
(Kariminejad et al. 2020):

PEI = o‘[(Qr : SinS)p/So.os}
Soos = 25.4 133 (1000/CN—10)" |

where Q, is daily runoff (mm) calculated by
the SCS-CN method, CN is the curve number,
and the coefficients o and f§ are assumed to be 1,
but further calibration is needed to identify the
value of the parameters or at least their ranges.

2.4 Results and Interpretation
2.4.1 Stream Ordering System
in Gullies

The Strahler (1952 and 1957) number of stream
ordering (bifurcation ratio, R,) is a numerical
measure of its branching complexity. In the
application of the stream ordering method at
basin scale of the gully, each gully of a basin is
treated as a node in a tree structure in Global
Mapper 21.0 version, with the next downstream
as its parent. The important part of this method is
that when a 2nd-order or N,,; order of gully
combines with another 2™- or N,,; order of
gully, then it becomes a 3rd or numerically next
higher order of gully. But a gully or a stream of
lower order joining a higher order gully, the
ordering system does not change into higher
order level. In the practical field, the joining of
lower order gullies into higher order gullies make
a profuse impact on gully size, sediment yield
and discharge. Therefore, that problem was rec-
tified by Sherve (1966 and 1967) with the
introduction of the stream magnitude (M) con-
cept. With the joining of different orders of
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gullies, the main order of master gully will in-
crease downstream.

The bifurcation ratio (Ry,) signifies the number
of lower order streams or gullies required to
maintain the highest order of gully in respect of
the present fluvial system. A high value of R,
means a high level of discharge out from the
fluvial system to the river or floodplain. The
study of stream ordering principle suggests that
there are dominance of mostly 2 order and 3
order gully basins, though having one 5 order
and seven 4 order basins in the six badlands. In
these basins R, value is estimated as (Fig. 2.7):
(1) 2.76-3.21 (Bhatina badlands), (2) 3.85-4.16
(Surul badlands), (3) 2.59-4.0 (Radhamohanpur
badlands), (4) 3.08 (Birsingha badlands), (5) 4.38
(Gangani badlands) and (6) 3.22-4.12 (Bagnada
badlands) (Table 2.3). The highest Sth-order of
the gully basin (R, of 3.86) is observed in the
Radhamohanpur badlands. So, the relatively high
(>3.0) Ry, of these badland gullies reflects a dense
concentration of lower order gullies in the upper
catchment, generating high runoff discharge and
sediment yield into the main system.

2.4.2 Fractal Dimension of Drainage
Network (FDDN)

Mandelbrot (1982) introduced the concept of
fractals to describe the complexity of nature’s
shapes, which differ from those of ordinary
geometry. For self-similar fractal objects, the
fractal objects, the fractal dimension character-
izes the scaling properties of the object, and it
provides a similarity exponent, since it tells how
the associated measure (e.g. mass or length)
changes after a change of scale (Barbera and
Rosso 1989). The geometric pattern of the stream
network of a drainage basin can be viewed as
‘fractal’ with a fractional dimension. The drai-
nage patterns present irregularities with self-
similar (fractal) characteristics in space. The
space-filling nature of drainage network is a
strong marker of the area vulnerable to intensive
erosion and tectonic deformation (Mahmmod
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Fig. 2.7 Drainage network of gullies according to Strahler ordering system in the (a) Bhatina badlands, (b) Surul
badlands, (¢) Radhamohanpur badlands, (d) Birsingha badlands, (e) Gangani badlands and (e) Bagnada badlands

Table 2.3 Basic property of drainage network in the gullies of selected badlands

Badlands Stream | R, Ry FD Gully Basin area | Maximum Elevation | Average
order channel (m?) Basin range (m)  basin
length (m) length (m) slope (%)
Bhatina 4th 276 137 3.172  1440.23 207860.20 | 833.65 6648 2.65
Surul 3rd 3.83- 1.29- 4.477- 1212.22- | 67567.11-  309.34— 66-55 2.30-2.40
416 135 5550  1371.66 82645.92 363.52
Radhamohanpur | 4th and  2.49- 1.24- 3.037- 1302.79-  75418.62—  466.10- 67-54 2.20-2.56
Sth 400 129 6.183 4116.32 22932730 | 656.75
Birsingha 4th 3.08 138 3486 | 5036.44 1757813.00 | 2084.62 86-62 2.35
Gangani 4th 439 120 7968  8873.0 75522.50 1137.00 64-34 2.55
Bagnada 3rd and | 3.22- 1.24- 4.976- 2227.16-  162246.83—  858.50— 77-52 1.75-2.55
4th 412 125 7.109 1045297  2183615.07 @ 1951.36

Note R, = bifurcation ratio, Ry = stream-length ratio and FD = fractal dimension of drainage network

and Gloaguen 2014). The highly steep regions fractal dimension from Horton’s laws of stream
cause the drainage network to reorganize and number (bifurcation ratio, Rp,) and stream lengths
linearize which is evidence of uplifted condi- (stream-length ratio, Ry ). This measure of fractal
tions. For an ordered drainage system, Barbera dimension (FD) can help to understand fluvial
and Rosso (1989) first proposed to derive the network geometry and composition. Barbera and
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Rosso (1989) derived the following equation of
FD:

FD = log R,/ log R (when Ry, > Ry)
FD = 1 (when R, <or = RL)

The FD quantifies the degree of irregularity or
segmentation of an object or spatial pattern. The
drainage system or network loses its dendricity to
become linearized as topographic threshold trig-
gered by external factors that modify the flow
network geometry (Mahmmod and Gloaguen
2014). Composite branching architecture and
dendritic shape of drainage network make the
impression of a fractal-like structure. Superim-
position of diverse physical and geological pro-
cesses governing the development of rivers and
streams, including also random components,
produces fractal river networks. The linear anal-
yses chiefly focus on the secondary parameters
(contributing drainage area, channel lengths,
channel slope and elevation) and completely
overlook the fractal behaviour of drainage net-
work. The measure of FD is a powerful tool as
patterns with dissimilar space-filling characteris-
tics can easily distinguish those areas, which yield
some signatures using the conventional linear
analysis (Mahmood and Gloaguen 2014). There
is a close inter-relationship between R}, and Ry in
the sample basins of gullies, having correlation
coefficient () value of (—) 0.485. With increasing
Ry, of gully basin, the Ry is decreasing, following
a negative trend (Rp = 1.5583 — 0.0713R,,
R* = 0.4936). It may be argued that with an
increasing number of 1st-order gullies, the
resultant mean Ry is decreasing. Next, FD pro-
vides an idea about the complexity and self-
similarity of drainage network at micro-scale, i.e.
gully basins of badlands. The FD of badlands
varies from 3.176 to 8.543 which signify inten-
sive dendritic nature and high complex geometry
of network in space. The FD value close to 1
reflects linearity (strong effect of tectonic defor-
mation on rocks), and FD greater than 1 means
increasing dendricity of fluvial networks (more
dominance of surface processes on alluvium). In
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the study area, the structural weakness of laterites
(i.e. high erodible nature and susceptible to fluvial
erosion) is minimal to generate a dendritic net-
work of gully systems (in which trunk gullies run
sub-parallel). The FD suggests that a dense net-
work of lower order gullies feeds a master gully
channel that matches and is strongly accordant to
the overriding gradient of the land. In the lateritic
badlands with increasing Ry of basins, the FD is
progressively decreased (8-3), following a neg-
ative trend line (FD =3.621 — 4.19R;,
R* = 0.8703). On another side, with increasing Ry,
of basins the FD is steadily increased (3-8),
showing a positive trend line (FD = 2.274R,, —
3.062, R* = 0.7475) (Fig. 2.8). It can be con-
cluded that with increasing numbers of lower
order gullies (source links), the fractal dimension
of drainage network is turned into a very complex
network system and less self-similarity in space.

2.4.3 Model of Stream Magnitude
and Channel Link

A classification of channel links in stream net-
works (Shreve 1966; Mock 1971) has provided a
fundamental probabilistic basis for statistically
evaluating the topologic properties of stream
works. The power of this approach has been
shown by the fact that the Horton—Strahler law of
stream numbers is derivable as a maximum
likelihood event (Mock 1971). By introducing
the concept that links are basic elements of
stream networks and by assigning a magnitude to
each link, one makes available the necessary
elements for systematic analysis of real networks
in terms of an available theoretical model.

Two items (differ from the Horton—Strahler
ordering system) worth noting here are (1) 1st-
order streams and magnitude 1 links are equiv-
alent, and (2) the focus shifts from streams to
links as basic entities in the fluvial system (Mock
1976). Shreve (1967) introduced the concept of
stream magnitude in the ordering system of flu-
vial networks. Shreve (1966) defined terms in the
following manner:
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Fig. 2.8 The scatter diagrams and linear regressions
showing the inter-relationship between (a) bifurcation
ratio and stream-length ratio, (b) stream-length ratio and

e The points farthest upstream in a channel
network are termed sources.

e The point of confluence of two channels is a
fork.

e The term link will refer to a section of channel
reaching without intervening forks from either
a fork or the outlet at its upstream end to either
a fork or the outlet at its downstream end.

e Links are subdivided into exterior links,
which head at a source, and interior links,
which head at a fork.

e The magnitude of a link is equal to the total
number of sources ultimately tributary to it,
where all sources are assigned a magnitude
(i) of 1. Magnitude is an additive property;
two links joining at a fork produce a third link
whose magnitude is the sum of the magni-
tudes of the first two.

e The magnitude of a stream network (M) is
defined as being equal to the magnitude of the
outlet link, which is defined by the
investigator.

The present paper introduces the magnitude of
the gully network, and a classification of channel
links in the selected badlands by type presents
the necessary quantitative expressions and illus-
trates some of the potential uses and applicability
of this model or system. M signifies the magni-
tude of drainage network and p the magnitude of
individual links. Shreve (1967) ordering system
of stream magnitude is applied in the gully basin
to number the final order of gully outlet into a

Stream - Length Ratio

[ a8 r40 ] ' z ] 4

Bifurcation Ratio

fractal dimension of drainage network and (c) bifurcation
ratio and fractal dimension of drainage network

floodplain or river. It is completely missing in the
Strahler number, because same order basins have
many morphologic aspects of dissimilarity which
needs to be incorporated in the study. The mag-
nitude of a gully network is defined as being
equal to the magnitude of the outlet link, which is
defined by the investigators. The main focus of
the topology shifts from stream to links as basic
entities in the fluvial system of the gully. In this
study, link topology and magnitude of the
channel are assigned in each basin of the gully to
understand the number of topologically distinct
channel networks (TDCN) and the probability of
link numbers. Each basin has a unique proba-
bility of interior and exterior links in respect of
final stream magnitude.

The gully basins of the badlands are identified
as 3rd-, 4th- and S5th-order drainage basins
according to the Strahler method, but those that
have no similarity with same order basins of
other areas in terms gully morphology and drai-
nage development. This problem is rectified by
the magnitude concept of Shreve (1967) and the
link concept (Mock 1971), because each gully
basin or any stream is quite distinct and different
from another due to complex development of
drainage network. Now, the following section
provides a brief summary of topologically dis-
tinct drainage development in the badlands
(Fig. 2.9 and Table 2.4):

e Bhatina Badlands—The magnitude (M) of
Bhatina badlands is assigned as M-22, having
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Fig. 2.9 The topological presentation of ideal channel links and stream magnitude in the gully basins of (a) Bhatina

Badlands, (b) Surul Badlands and (¢) Gangani Badlands

Fig. 2.19 (continued)

Table 2.4 Topologically distinct channel network (TDCN) of badlands

Gully Basin of Badlands = Magnitude (M) | TDCN (Ambilateral Class)

Bhatina 22 44
Surul 35 70
Radhamohanpur 88 88
Birsingha 30 60
Gangani 85 85
Bagnada 81 81

12 S links (source links), 10 TS links (tribu-
tary source links), 6 B links (bifurcating
links), 10 T links (tributary links), 2 TB links
(tributary bifurcating links) and 3 CT links

Ns
12
12
56
12
40
36

Nrs
10
23
48
16
45
42

Ng

26
5

16
13

Nr
10
26
37
17
42
42

Numbers of link type sets

Nrg
2

1

11

NCT

19

13
12

(cis—trans links). The expected probability of
exterior (P,ex) and interior (P iy is estimated
as 52.1% and 48.9%, respectively, in the flu-
vial system. Next, the expected probability of
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S link and TS link is calculated as 26.21 and
24.95% in the Bhatina Badlands.

e Surul Badlands—The 4th-order gully basin of
Surul badlands, The magnitude (M) of Bhatina
badlands is assigned as M-35, having 12 S
links, 23 TS links, 6 B links, 26 T links, 1 TB
links and 3 CT links. The expected probability
of exterior (Pexs) and interior (P, is esti-
mated as 50.54% and 49.46%, respectively, in
the fluvial system. Next, the expected proba-
bility of S link (P,s) and TS link (P,) is cal-
culated as 25.55% and 24.94%, respectively,
in the Bhatina Badlands.

e Radhamohanpur Badlands—The selected
gully basin of this badlands is identified as 5th
order, but it is recognized as Magnitude (M) —
88 by the Shreve method. The network of the
gully is assigned as 56 S links, 48 TS links, 26
B links, 37 T links, 11 TB links and 19 CT
links. The expected probability of exterior
(Puexy) and interior (P, is estimated as
50.28% and 49.72%, respectively, in the flu-
vial system. Next, the expected probability of
S link (P,s) and TS link (P ) is calculated as
25.29% and 26.05%, respectively.

e Birsingha Badlands—The 4th-order basin of
the gully is recognized as M-30, having 12 S
links, 16 TS links, 5 B links, 17 T links and 5
CT links. The expected probability of exterior
(Puexy) and interior (P, is estimated as
50.9% and 49.1%, respectively, in the Birs-
ingha badlands. Next, the expected probability
of S link (Ps) and TS link (P,) is calculated
as 25.93% and 24.96%, respectively.

e Gangani Badlands—The 4th-order basin of
the gully is defined as M-85, and it has 40 S
links, 45 TS links, 16 B links, 42 T links,
6 TB links and 13 CT links. The expected
probability of exterior (P,ex) and interior
(Puin) 1is estimated as 50.2% and 49.8%,
respectively, in the Gangani badlands. Next,
the expected probability of S link (P,s) and TS
link (P,s) is calculated as 24.94% and
25.24%, respectively.

e Bagnada Badlands—The 4th-order basin of
the gully is assigned as M-81, having 36 S
links, 42 TS links, 13 B links, 42 T links,
3 TB links and 12 CT links. The expected
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probability of exterior (P,ex) and interior
(Piny) 1s estimated as 50.31% and 49.69%,
respectively, in the Bagnada badlands. Next,
the expected probability of S link (P,s) and TS
link (P,s) is calculated as 25.37% and
24.99%, respectively.

In summary, it can be concluded that the
topologically distinct channel network (TDCN)
probability of generating S links and TS links is
very much similar to all six badlands. Except for
Gangani and Bagnada badlands, the other four
badlands have a high probability of generating
TS links in the system. The gully-river coupling
of Gangani and Bagnada badlands—has a strong
base level control on the development of drai-
nage network. These basins yield a high magni-
tude of gully system (M-81-85). Though the
gully of Radhamohanpur badlands (M-88) do not
show gully-river coupling at present, it is situ-
ated very near to the Ajay River active floodplain
(distance about 1.43 km), persisting local base
level control on the badlands since Late Holo-
cene. Another important finding is that the same
4th-order basins show different magnitude scales
of drainage development in the badlands, and the
difference is persisted in the dissection level and
morphological diversity of gullies.

2.4.4 Linear Aspects of Gullies

The Horton law of stream lengths (Horton 1945;
Strahler 1957) states that a geometric positive
relationship exists between the average length of
streams of a given order and the corresponding
order, having a parameter of stream-length ratio
(Ry) (Horton 1945). The Ry values of six bad-
lands are estimated as (1) 1.27-1.39 (Bhatina
badlands), (2) 1.29-1.35 (Surul badlands),
(3) 1.24-1.36 (Radhamohanpur badlands),
(4) 1.38 (Birsingha badlands), (5) 1.20 (Gangani
badlands) and (6) 1.24-1.30 (Bagnada badlands).
In general, the Ry values reflect that the cumu-
lative length of lower order gullies is Ry factor
(i.e. 1.20-1.39) lower than the next higher order
gullies. The cumulative lengths of gullies are
estimated in six badlands as (1) 1440.23 m
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(Bhatina badlands), (2) 1212.22-1371.16 m
(Surul badlands), (3) 1302.77-4116.32 m (Rad-
hamohanpur badlands), (4) 5096.44 m (Birs-
ingha badlands) and (6) 1483.0-3072.31 m
(Badnada badlands). The areal coverage of gul-
lies varies from 75,997.5 to 1757,813.0 m>2
having a maximum basin length range of
363.52-2084.62 m. The geometric positive
relationship between basin area (Ag) and basin
length (Lg) is established in the six badlands, i.e.
Ly = 3.616A5"*7, R? of 0.914. This empirical
relation suggests the geometric progress of
growth of gully length in respect of increasing
growth of basin drainage area, having high slope
value (b = 0.437) of trend line.

The gully density (Gg4) of unit area (km km
or m m %) is a measure to assess the degree of
fluvial network generation or crowding and flu-
vial incision level in the badlands (Table 2.5). In
general, all over the world there is a high drai-
nage density in the badlands (Bryan and Air
1982). Similarly, this study reveals a similar fact.
The average G4 of six badlands is nearly about
11.264 km km ™ which is relatively high in the
alluvial floodplain of Bengal Basin. The values
of Gy are estimated in six badlands as
(1) 6.928 km km 2 (Bhatina badlands), (2) 6.93—
14.667 km km 2 (Surul badlands), (3) 17.274—
22.470 km km? (Radhamohanpur badlands),

2
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(4) 2.86kmkm > (Birsingha badlands),
(5) 11.748 km km 2 (Gangani badlands) and
(6) 4.78-13.726 km km 2 (Bagnada badlands).
Except Birsingha badlands, other five badlands
show high G, having high drainage texture, high
rate of valley incision and high fluvial discharge
also.

Next to Gy, the average length overland flow
(Lg; Horton 1945) is an important measure to
assess gully erosion at hillslope. Overland flow is
defined as water that flows over the land surface
as either diffuse sheet flow (laminar or mixed
laminar flow) or concentrated flow (turbulent
flow) in rills and gullies. The value of L, reflects
the flow path which will become concentrated at
a distance from the water divide. Through
transport and scouring, the overland flow causes
rill and inter-rill erosion. The values of L, are
estimated in six badlands as (1) 72.16 m (Bha-
tina badlands), (2) 34.08 m (Surul badlands),
(3) 22.47-28.94 m (Radhamohanpur badlands),
(4) 174.51 m (Birsingha badlands), (5) 42.55 m
(Gangani badlands) and (6) 36.42-104.43 m
(Bagnada badlands). The low value of L,
(<100 m) means the shortest length of the flow
path to gully head, having high vulnerability of
head cut retreat. The high value of L, (>100 m)
reflects the longest length of the flow path to
gully head, having low vulnerability of head cut

Table 2.5 Linear and relief properties of gully basins in the badlands

Badlands Gully Gyq (km Ly (m)
Basins km 2)
Bhatina Gully la 6.93 72.16
Surul Gully 2a 14.66 34.08
Gully 2b 6.94 72.06
Radhamohanpur | Gully 3a 17.27 28.94
Gully 3b 17.95 27.85
Gully 3¢ 22.47 2225
Birsingha Gully 4a 2.86 174.51
Gangani Gully 5a 11.75 42.55
Bagnada Gully 6a 13.73 36.42
Gully 6b 10.39 48.13
Gully 6¢ 4.78 104.43

o Rn R. Ex HI Sy

(m?)

144.32 0.021 0.63 0.31 0.43 1.39
68.17 0.019 0.78 0.44 0.4 1.64
79.12 0.023 0.67 0.37 0.43 1.47
57.89 0.019 0.58 0.33 0.57 1.22
55.71 0.013 0.57 0.29 0.47 1.38
44.5 0.012 0.54 0.31 0.47 1.12

349.01 0.011 0.83 0.35 0.43 1.16
85.11 0.026 0.67 0.43 0.53 1.37
72.84 0.013 0.57 0.26 0.58 1.42
96.25 0.017 0.54 0.29 0.52 1.36

208.87 0.018 0.72 0.42 0.53 1.32

Note G4 = gully density; L, = length of overland flow; Cy, = constant of channel maintenance; R;, = relief ratio;

R, = circularity ratio; Er = elongation ratio, HI = hypsometric integral; S; = sinuosity index
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retreat. Due to high slope steepness, many gullies
require the shortest path of overland flow in the
upstream drainage area.

The constant of channel maintenance (Cy;
Schumm 1954) is a very useful measure in gully
erosion because the value of C,, reflects a
quantitative expression of the minimum or lim-
iting drainage area (m® or km?) required for the
development of unit m or km length of gully
channel (Table 2.4). So, the basin with high C,,
means low erosion vulnerability, because to
develop a unit length gully there is a requirement
of high drainage area (i.e. high runoff) upstream.
In six badlands C,, is estimated as (1) 144.32 m?
(Bhatina badlands), (2) 68.17 m? (Surul bad-
lands), (3) 55.71-57.89 m?> (Radhamohanpur
badlands), (4) 349.01 m? (Birsingha badlands),
(5) 85.11 m? (Gangani badlands) and (6) 72.84—
208.88 m* (Bagnada badlands). Except Birsingha
badlands, the other five badlands show low C,,,
signifying relatively low drainage area require-
ment to develop one unit metre of the gully. The
sinuosity index (Sy) is applied here to analyse the
degree of sinuous nature in the gullies. The S;
value of 1.0 means perfectly straight and >1.5
means meandering course of the channel. In
these badlands the channel Sj varies from 1.12 to
1.64, having a mean value of 1.35. It reveals that
the courses of the gully channel is situated in
between straight and meandering nature, reflect-
ing the high energy of the channel with a dom-
inance of erosion over deposition in most of the
landscape.

2.4.5 Slope and Relief Aspects
of Gullies and Statistical
Inference

The DEMderived average slope of gully basin
varies from 2.16 to 2.8%, and the maximum
valley side slope varies from 4.7 to 6.4% in the
badlands. Gully head slope (between head cut
and water divide) is a key aspect of erosion
threshold and it has a geometric negative rela-
tionship with drainage area. In this study, the
gully head slope ranges from 0.0138 m m™ ! to

0.0931 m mfl, having a mean of 0.035 m m .
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On average with an increase of one metre
downstream length from elevated water divide,
the drop of elevation is nearly about 0.035 m.
The channel slope (from outlet to the gully head
cut), measured along the thalweg (or deepest part
of gully channel), is measured in master gullies
of six badlands as (1) 0.12-4.04% (Bhatina
badlands), (2) 0.91-4.98% (Surul badlands),
(3) 0.59-3.88% (Radhamohanpur badlands),
(4) 1.56-4.44% (Birsingha badlands), (5) 1.82—
4.63% (Gangani badlands) and (6) 0.38-4.17%
(Bagnada badlands). In general, considering all
channel slopes (S,) and lengths (L), it is found
that the slope is increasing from outlet to the
gully head cut following a positive trend line, i.e.
S.=0.367 In (L) + 0.117. Now, considering
each gully slope profile, it is understood that
initially the slope from the outlet towards the
head cut becomes minimum and after a point it is
escalating towards the head cut. Here, the 2nd-
order polynomial curve (main parabola;
Sa = al? + bL + ¢) fits with the scatters with a
maximum  coefficient ~of  determination
(R? = 0.439-0.896) (Fig. 2.10). Observing the
six scatter diagrams and trend lines, it is con-
cluded that slope near the outlet is minimum due
to flat fan sediments of gully deposits, but due to
an eventual rejuvenation of gully incision at fan
deposits, the slope gets higher at the lowest part
of the profile.

The stream length gradient index (Sp; Hack
1973) is calculated along each main gully (from
head cut to outlet) and used to evaluate the ero-
sional resistance of the available laterite deposits
and relative intensity of fluvial erosion and active
tectonics also. SL correlates to the total stream
power, available at a particular reach of the gully
which is an important hydrologic variable,
because it is related to the ability of a gully to
incise its valley and transport sediments. The
minimum and maximum values of S; are esti-
mated in the gully elevation profiles of six bad-
lands as (Fig. 2.11) (1) 4.39-32.59 m (Bhatina
badlands), (2) 2.37-20.669 m (Surul badlands),
(3) 0.80-34.8 m (Radhamohanpur badlands),
(4) 0.81-32.59 m (Birsingha badlands),
(5) 11.58-35.32 m (Gangani badlands) and
(6) 4.83-47.32 m (Bagnada badlands). The
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Fig. 2.10 The scatter diagrams and regressions show the relationship between gully channel slope (outlet to source)
and distance, reflecting 2nd-order polynomial increase of slope with distance from gully outlet or mouth

spikes in the S;. curve (along the elevation profile
of gully) signifies the pulses in the gully energy
profile due to stream power enhancement or
slope steepness or rock resistance or active tec-
tonic activity. All curves of S show various
spikes from a head cut to the outlet. The devel-
opments of several knickpoints or incised chan-
nels generate those spikes due to the
enhancement of stream energy. This enhance-
ment is occurred due to sudden tilting of the
surface and increasing kinetic energy of flow or
tectonic upliftment and increasing slope steep-
ness in the region of Rarh laterites. This analysis

reveals that there is a quasi-equilibrium phase of
badland development under intensive processes
(cut and fill) which are affected by tectonic
activity and differential resistance of laterite
profiles.

Relief (difference between the maximum and
minimum elevation, R,) is another parameter to
assess the range of dissection in the landscape,
and high relief is associated with deep valley
incision at a mature—youthful stage of landscape
development. The relief of the basin is estimated
in six badlands as (1) 18 m (Bhatina badlands),
(2) 7m  (Surul badlands), (3) 8-10m
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Fig. 2.11 The combined association of gully channel
elevation profile and stream-length gradient index (SL)
showing the variable energy pluses (cut-and-fill
sequences) of SL index from gully head to outlet,

(Radhamohanpur badlands), (4) 24 m (Birsingha
badlands), (5) 30 m (Gangani badlands) and
(6) 12-27 m (Bagnada badlands). The high relief
of range 18-30 m reveals the potential energy of
the system to erode the landscape and to generate
high drainage density. Relief ratio (Ry) is another
parameter to get information on the grade con-
dition of stream and slope (i.e. fall of elevation in
unit length). The value of Ry varies from 0.011
to 0.026 m m™" in six badlands. The badlands of
Gangani and Bhatina yield a high value of Ry
(.e. 0.021-0.026 m m™ "), and the average is
nearly about 0.017 m m™~" which reflects that the
gullies are not in a grade condition (i.e. very
close to zero). In a grade condition, the relief will
be minimum so that there will be a delicate
balance between erosion and deposition, but this
condition does not prevail in the badlands.

Gully Channel Porfile
Stream Length - Gradient Index

signifying the role of active tectonics, slope-controlled
stream power and active channel erosion against bed
resistance

Another parameter, dissection index (Dy; Dov
Nir 1983), is applied to examine the roughness of
the surface. D; — 0 means absence of dissection
and old stage of landscape development, whereas
D; — 1 means vertical cliff or deep valley incision
and younger stage of landscape development
(Fig. 2.12). A high value of Dy (>0.25) signifies
an increasing roughness of the terrain with the
development of numerous gullies. In six bad-
lands the range of Dy is estimated as (1) 0.178—
0.401 (Bhatina badlands), (2) 0.101-0.213 (Surul
badlands), (3) 0.057-0.184 (Radhamohanpur
badlands), (4) 0.341-0.474 (Birsingha badlands),
(5) 0.06-0.267 (Gangani badlands) and
(6) 0.137-0.273 (Bagnada badlands). It is found
that except badlands of Surul and Radhamohan-
pur, all other badlands show relatively high Dy,
i.e. greater than 0.25.
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Fig. 2.12 (a) Variations of dissection index in the
badlands of Rarh laterites (DI 0.2-0.5 means high
amplitude of relief and depth of erosion), and (b) cross-

Hypsometric integral (Hy; Strahler 1952) is a
significant parameter to judge the stage landscape
development and the active tectonic nature of the
landscape in respect of relief—area variation.
The average value of H| is 0.493 which reflects a
youthful-mature landscape (minimum entropy of
system) in a quasi-equilibrium condition (>0.35
— < 0.6). In six badlands Hj is estimated as
(1) 0.436-0.631 (Bhatina badlands), (2) 0.404—
0.437 (Surul badlands), (3) 0.478-0.571 (Rad-
hamohanpur badlands), (4) 0.436 (Birsingha
badlands), (5) 0.538 (Gangani badlands) and
(6) 0.527-0.583 (Bagnada badlands). It can be
concluded that the badlands have an influence on
active tectonics and local base level control of
erosion, as the Hj value varies between 0.4 and
0.6. The landform is still situated in a condition

sectional elevation profiles of badlands showing regional
dissection and relief variation due to gully erosion

of high erosion rate than deposition, and the
terrain is very much susceptible to tectonic uplift
and watershed erosion. Now, the two indices of
basin shape (circularity ratio, Rc and elongation
ratio, Eg) are applied to indentify the geometric
structure of the gully basin. The value of Rc
varies from 0.548 to 0.836, and the value of Ex
varies from 0.292 to 0.446 in six badlands. Rc
value below 1 and Er value below 0.5 signify a
semi-oval to elongated shape of the basin. In this
badlands most of the basins or sub-basins of
gullies have an elongated shape. It is found that
basin with Eg < 0.5 or Rc < 0.7 signify a tec-
tonically active and high level of gully incision.

In the above discussion, the individual
parameter of linear and areal aspects of basin
morphometry is scrutinized to get new fangled
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geomorphic information on the badlands of Rarh
laterites. Now, the statistical inter-relationship
(Fig. 2.13) is needed to get the correlation or
connection between the parameters using linear
to non-linear regression. Hy of all gully basins is
greater than 0.35, i.e. mature to youthful stage of
landscape development and tectonically active
terrain. It is found that with increasing S; of
basins, Hj is reducing (H; = 0.647-0.114Sy). It
means that relatively youthful-mature stage of
badlands to tectonically active region restricts the
sinuous nature of gully channel, promoting
active channel erosion straight course. It is
established that with increasing HI, the ER of
basins is decreasing, signifying the youthful-
mature stage of development (Er = 0.492—
0.288Hy). High H; promotes more elongation of
the basin. On the other side with increasing SI,
the ER of basins is increasing (Eg = 0.169 +
0.135S)). It means the highly sinuous nature or
oscillation of gully channels enhances the basin
shape from elongation towards more oval. It is
established that with increasing HI, the RC of
basins is reducing (Rc = 1.061 — 0.835H)),
reflecting more elongation, less sinuosity and
more valley incision. On another side with
increasing SI, the RC of the basin is also
increasing (Rc = 0.493 + 0.113S)). It means the
gully channel with more sinuous nature is pro-
ducing an oval-shaped basin rather than elonga-
tion. At last, it is established that with increasing
HI, the RH of basins is increasing (Ry = 0.012
+ 0.009H)). It means that the youthful-mature
stage of the landscape develops high relief and
dissection in the badlands and it increases HI and
resultant RH also, i.e. more potential energy to
erosion (minimum entropy of system).

2.4.6 Topographic Threshold of Gully
Initiation

The slope (m m_l) and drainage area (ha) (S = a
A" determine the topographic threshold condi-
tion of gully initiation in the lateritic badlands of
West Bengal. Based on the database of 70 per-
manent gullies, it is finally established that there
is a negative or inverse inter-relationship
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between the slope of catchment and catchment
drainage area above the gully head cut. It means
that the gullies which have a larger drainage area
(high potential yield of runoff volume) have
required a minimum angle of slope steepness to
trigger a gully head cut through a high concen-
tration of overland flow (providing kinetic
energy to erosion over the resistance of laterite).
The model of S—A relationship can provide a clue
about the landscape evolution and erosion vul-
nerability. The present situation of six badlands
is quantitatively described by the empirical
equation, S, = 0.0207A7 %2784 where the critical
slope of gully drainage area is defined as S, (i.e.
minimum amount slope required to initiate gully)
(Fig. 2.14a). Now, S, is calculated in the gullies
of six badlands to assess the vulnerability of
laterite terrain to gully incision (Table 2.6):

(1) Bhatina Badlands—S,, 0.2023-
0.0566 m m ' (mean—0.0367 m m ™ !);
Surul Badlands—S,, 0.2104-0.0346 m m!
(mean—0.0283 m m ™ );

Radhamohanpur Badlands—S., 0.0335-
0.0499 m m~' (mean—0.0407 m m ™ ');
Birsingha Badlands—S,, 0.0174-
0.0221 m m ! (mean—0.0222 m m " });
Gangani Badlands—S., 0.0196—
0.0325 m m ! (mean—0.0272 m mfl);
Bagnada Badlands—S,, 0.0194-
0.0343 m m ' (mean—0.0252 m m™ ).

(©))
3
“)
&)

(©)

Now, it can be confirmed from the topo-
graphic threshold model that the secondary
laterites of Rarh, having a mean critical slope
range of 0.0222-0.0407 m m ™', are very sus-
ceptible to rill and gully erosion, particularly in
the upstream deforested catchment of the barren
surface. The estimated MD envelope (Mont-
gomery and Dietrich 1994) distinguishes mass
movement dominated gullies from hydraulic
erosion dominated gullies in these badlands
(Fig. 2.14b). In this study (taking sample counts
of 70 gully head cuts), 38.57% of gullies are
influenced by overland flow erosion threshold
and 35.71% of gullies are affected by landslide
erosion threshold. The thresholds for gully head
position in a landscape traditionally take into
consideration local slope angle (4) and gully
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Fig. 2.13 The scatter diagrams and regressions showing
(a) negative relationship between hypsometric integral
and sinuosity index, (b) positive elongation ratio and
sinuosity index, (c¢) positive relationship circularity ratio
and sinuosity index, (d) negative relationship between

head drainage area (A) by Patton and Schumm
(1975) who expressed it through an equation:

sin(1)A? > K

where K is a sort of black box coefficient
(determining threshold), filled with effects of a
series of factors such as soil resistance and
hydraulic roughness and treated as a local con-
stant of terrain; the exponent b deriving from the

Hypsometric Integral

elongation ratio and hypsometric integral, (e) negative
relationship between circularity ratio and hypsometric
integral and (f) positive relationship between relief ratio
and hypsometric integral in the gully basins of badlands

equations linking unit discharge to the runoff
shear stresses. The b value, greater than 0.2,
usually signifies the dominancy of overland flow
erosion in the gully initiation. It is explored that b
depends on the typology of flows: it increases
from laminar sheet flow (b = 0.5) to turbulent
motion (b = 0.857) in the gullies of the world.
Torri and Poesen (2014) have established that b,
0.38-0.40, is determined for rough turbulent flow
during peak runoff.
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Fig. 2.14 (a) Establishing critical slope—area threshold
relation for the permanent gullies of Rarh laterites
(Ser = 0.0207A7%278%) on the basis of intrinsic threshold,
and (b) the diagram showing log A (ha) and log S (m

The study has found the b value of 0.2784
which is very much lower than the above values.
It signifies the dominant laminar overland flow
and high surface roughness due to relatively
good vegetation growth in the drainage area. The
exponent value of the S—A model suggests that

1 Number of Gully Heads in six Badlands - 70

m~') scatter plot in Montgomery—Dietrich Envelope (i.e.
brown colour curve) to depict dominant erosion processes
in gullies

the vegetation of gully basins exerts a strong
control on water movement and flow concentra-
tion, obliging the overland flow to be laminar
also as high Reynolds number (b ~ 0.25). To
justify the validation of the b value, the standard
error of estimate (Sg) is used with a 0.05
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Table 2.6 Summary database of gully head drainage area, critical slope (S.;) and threshold coefficient (K) in the

badlands

Badlands Gully head Mean slope of
drainage area drainage area (1, m
(ha) m™)

Bhatina 0.06-3.01 0.0284-0.0931

Surul 0.41-2.43 0.0204-0.0337

Radhamohanpur  0.11-0.46 0.0444-0.0340

Birsingha 2.04-4.48 0.0142-0.0245

Gangani 0.51-3.12 0.0226-0.0441

Bagnada 0.42-3.23 0.0181-0.0535

confidence interval of judgement in a normal
distribution. The value of product-moment cor-
relation coefficient (r) is estimated as (-) 0.5137
to inter-relate the variables of S and A. The #-test
statistics of » value is calculated as 5.1128 which
is much more than #y0s5 (2.000) of two-tailed
statistics at 68 degrees of freedom. So, it reflects
a strong statistically satisfied correlation between
S and A in the badlands of Rarh laterites. Then,
the Sg range of b value (confidence interval at
0.05 significance level) is calculated as 0.2652—
0.2909 in which the zero limit does not exist. So,
the b value of topographic threshold is statisti-
cally significant to emphasize the role of over-
land flow. Now, it can be concluded that the
empirical equation of S, and A has a strong
statistical judgement of geomorphic analysis, and
it can be applied in other badland areas of
lateritic terrain to recognize the vulnerable hill-
slope (susceptible to gully erosion).

K coefficient of the threshold is very dynamic
in range, and it primarily depends on soil resis-
tance, flow hydraulic roughness, runoff peak
discharge and land use character. A gully head
cut will initiate when the flow resistance over-
come K threshold, depending on the catchment
characteristics (Torri and Poesen 2014). The
K value function (Torri and Poesen 2014: Torri
et al. 2015) is a product of potential rainfall
abstraction of the SCS-CN method and

sin A Mean critical slope for Mean
gully initiation (S, m K value
m Y

0.0567- 0.0367 0.395

0.1851

0.0407- 0.0283 0.262

0.0673

0.0188- 0.0407 0.482

0.0888

0.0283- 0.0222 0.189

0.0489

0.0451- 0.0272 0.231

0.880

0.0361- 0.0252 0.182

0.1067

exponential function of rock or very coarse
fragment cover. In the badlands the K value
should be equal or greater than the sinus function
of a gradient. The initial abstraction (S s) of six
badlands varies from 112.25 to 154.40 mm
which is based on the AMC-II CN (72-79) of
badlands. Finally, the calculated K coefficients of
six badlands are presented as follows:

(1) Bhatina Badlands—0.158-0.713 (mean—
0.395);

(2) Surul Badlands—0.152-0.352 (mean—
0.262);

(3) Radhamohanpur Badlands—0.362-0.643

(mean—0.482);

Birsingha Badlands—0.142-0.352 (mean—
0.189);

Gangani Badlands—0.141-0.292 (mean—
0.231);

Bagnada Badlands—0.124-0.281 (mean—
0.182).

“)
®)
(©6)

The further analysis suggests that in the study
areas, the K value of permanent gullies is two to
ten times higher than sin 4. Especially in the
badlands of Gangani, Bagnada and Bhatina
(having direct gully-river coupling and land-
scape connectivity), the K coefficient value is
only one and half times of sin 4 (i.e. flow energy
or shear stress overcome easily the surface
resistance), signifying the high rate of gully
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Fig. 2.15 Erosion threshold coefficient (K) of gullies is geometrically progressed with an incessant increase in sine
function of gully drainage area gradient (sin 1 = 2.5381K%797%)

incision and initiation in the region of S and TS
links. The final empirical equation, based on
K and sin 4, is established as follows:

sin 4 = 2.5381K°%7973

The equation is also considered as the mar-
ginal critical condition of gully initiation in the
lateritic badlands, showing the positive influence
of K threshold coefficient (Fig. 2.15).

2.4.7 Rainfall-Runoff Simulation
and Sediment Yield

The daily rainfall (greater than 50 mm per day)
of six rain-gauge stations (viz., Rampurhat,
Shyambati, Satkahania, Sonamukhi, Amlagora

and Simlapal), around the periphery of selected
badlands, were recorded in during June—August
2020, as follows: (1) Bhatina Badlands—57.2—
100.4 mm, (2) Surul Badlands—55.2-99.8 mm,
(3) Radhamohanpur Badlands—55.0-103.6 mm,
(4) Birsingha  Badlands—55.0-144.5 mm,
(5) Gangani badlands—52.0-116.5 mm and
(6) Bagnada Badlands—>55.3-111.3 mm,
respectively. Based on the areal coverage of land
use—land cover classes and hydrological soil
group B (sandy loam texture of red soils), the
weighted CN (modified using slope function) and
mean Sy o5 (AMC-II condition) are estimated as
using the SCS-CN method (Table 2.7): (1) Bha-
tina Badlands: CN — 75.29 and Spos —
132.55 mm; (2) Surul Badlands: CN — 77.88 and
So.0s — 112.25 mm; (3) Radhamohanpur Bad-
lands: CN — 76.85 and Spps — 120.11 mm;
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(4) Birsingha Badlands: CN — 72.74 and Sg o5 —
154.40 mm; (5) Gangani badlands: CN — 79.85
and Spos — 119.41 mm; and (6) Bagnada Bad-
lands: CN — 7698 and Spos — 120.65 mm,
respectively. The estimated daily runoff amount
of the selected rainfall events is presented as
follows: (1) Bhatina Badlands: 15.31-53.65 mm,;
(2) Surul Badlands: 27.3-66.49 mm; (3) Rad-

hamohanpur  Badlands: 11.41-40.98 mm;
(4) Birsingha Badlands: 11.89-79.48 mm;
(5) Gangani badlands: 12.0-57.93 mm; and
(6) Bagnada Badlands: 12.79-52.44 mm,

respectively. The scatters of daily rainfall (P) and
runoff (R) values show a positive correlation with
an increasing trend in the rainfall-runoff simu-
lation. The established relation is expressed as
R =0.658P — 20.74 (R* = 0.89) in these bad-
lands (Fig. 2.16). The most interesting finding of
this SCS-CN analysis depicts that two distinct
trends of scatters are recognized in the regression

S. Ghosh and S. Roy

diagram, because due to differential CN of gully
basins, the runoff yield is very high in one basin
than other in the same rainfall amount. In the
badlands of Gangani, Bagnada and Bhatina, the
runoff yield is quite high (two to three times
higher) than the other due to the high percentage
of the barren lateritic surface at the catchment
scale.

The organization of NBSS and LUP has
already estimated the mean annual soil erosion
rate (using USLE) in different physiographic
regions of West Bengal (Table 2.7). In the study
areas, the rate of erosion varies from 10.415 to
17.605 t ha™' year™'. The main task is to find out
the particular sediment yield of each badlands
due to daily runoff events. The coupling of USLE
and SCS-CN methods has measured the potential
sediment yield (Sy) of the selected rainfall events
(June—August 2020) as follows (Table 2.8):

(1) Bhatina Badlands—35.36-8.31 t ha ';

g0
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Fig. 2.16 SCS-CN method establishing a linear positive relationship between daily rainfall (R) and daily runoff (Q,),
developing an empirical relation (Q, = 0.658R — 20.744) in the un-gauge watersheds of badlands
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Table 2.7 Input parameters of the SCS-CN method and estimation of daily runoff, sediment yield and potential erosion
index in the badlands

Badlands (area Principal Areal Weight Weight So.05 In Ry O Sy (t PEI
under land use— coverage CN CN slope AMC 11 (mm) (mm) ha ')
consideration of land cover (%) adjustment (mm)
SCS-CN) classes
Bhatina (total Forest Cover 28.14 69.92 77.29 132.55 57.2—- 15.31- 5.36— 0.078-
. 2
area: 6.13 km”) Shrubland 303 110.4 53.65 8.31 0.573
Agricultural 24.77
Land
Barren Land 2.26
Buildup 14.5
Area
Surul (total area: Forest Cover 30.51 66.65 73.38 112.25 52.0- 27.01- 4.0- 0.137-
2
5.81 km”) Shrubland 41.99 99.8 66.49 7.31 0.538
Agricultural 17.29
Land
Barren Land 4.93
Buildup 5.26
Area
Radhamohanpur Forest Cover 19.39 69.24 76.85 120.11 57.0- 11.41- 1.27- 0.089—
(totzal area: 23.86 Shrubland 2038 130.1 61.2 7.26 0.482
km~?)
Agricultural 50.04
Land
Barren Land 4.46
Buildup 3.8
Area
Birsingha (total Forest Cover 41.71 62.54 67.74 154.4 55.0- 11.89— 1.91- 0.066—
aren: 2
area: 21.77 km”®) Shrubland 26.03 144.5 79.48 4.70 0.444
Agricultural 15.47
Land
Barren Land 9.78
Buildup 6.99
Area
Gangani (total Forest Cover 21.97 69.32 76.94 119.41 52.0—- 12.0- 5.1- 0.107-
. 2
area: 3.73 km”) Shrubland 2703 116.5 57.9 9.1 0.418
Agricultural 34.44
Land
Barren Land 9.04
Buildup 7.49
Area
Bagnada 11.72 Forest Cover 28.24 67.67 71.78 119.41 55.3- 12.79- 4.6 0.096—
Shrubland 313 111.3 52.42 8.4 0.394
Agricultural 24.87
Land
Barren Land 2.67
Buildup 12.9
Area

Note CN = curve number; Sgos = potential rainfall abstraction and infiltration during a rainfall as used in the SCS-CN method (AMC-II
condition); R4 = recorded daily rainfall greater than 50 mm per day (June—August 2020); Q, = estimated daily runoff using SCS-CN method;
Sy = sediment yield from the basin; PEI = potential erosion index
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Table 2.8 Input parameter of Universal Soil Loss Equation (USLE) and estimation of mean annual erosion rates in the

badlands

USLE Parameters Bhatina Surul Radhamohanpur Birsingha Gangani Bagnada
and Erosion rate Badlands Badlands Badlands Badlands Badlands Badlands
R. 624.23 596 587 587 623 585

Ky 0.463 0.52 0.52 0.40 0.42 0.41

Py 0.5 0.3 0.5 0.5 0.5 0.5

Lg 0.366 0.425 0.457 0.401 0.612 0.367

C 0.28 0.3 0.2 0.2 0.2 04

Er (t ha™' year™") 14.809 11.854 14.163 10.415 16.013 17.605

Note Er = potential annual soil erosion rate; R, = rainfall Erosivity index; K, = soil Erodibility index; Lg = slope-
length factor; C¢ = crop cover factor; Py = soil protection cover factor

(2) Surul Badlands—4.03-7.11 t ha™%;

(3) Radhamohanpur Badlands—4.44-7.20 t
ha '

(4) Birsingha Badlands—2.15-4.71 t ha™';

(5) Gangani Badlands—5.70-9.10 t ha !

(6) Bagnada Badlands—4.63-8.45 t ha L.

From the result, it can be revealed that within
the rainfall range of 52—-144 mm, the gully net-
work of badlands can generate sediment yield of
4-9tha! (400,000-900,000 kg km72) from the
basins. The results of S, are well depicted in the
scatter diagrams, showing an increasing trend
(but differentially due to the difference in CNs) in
between runoff (Q,) and sediment yield. This
relation is well established as Sy = aln O, — b,
with a high coefficient of determination (>0.9)
(Fig. 2.17). The geometric progression of daily
runoff can generate a geometric increase of sed-
iment yield in these badlands. Except for Birs-
ingha badlands all these badlands shows a high
slope () of trend lines, i.e. ranging from 2.5 to
3.6. It means these regions are very susceptible to
gully erosion in respect of increasing runoff or
rainfall in present geo-climatic settings. Espe-
cially, the badlands of Bhatina, Gangani and
Bagnada shows a maximum value of S, (>8.0 t
ha™') within the recorded rainfall range.

The potential erosion index (PEI) (Torri and
Poesen 2014; Kariminejad et al. 2020) is esti-
mated based on the daily runoff, initial abstrac-
tion and basin slope and the value 1 means the
highest level of erosion in the basin of the gully.
The results show that PEI range varies from

0.078 (least susceptible to erosion) to 0.554
(maximum susceptible to erosion) in the bad-
lands. Similarly, the badlands of Bhatina, Gan-
gani and Bagnada shows the high value of PEIL
In this analysis, two valid empirical equations
(exponential function) are established among
PEI, Q. and S, (Fig. 2.18):

PEI = 0.0721¢%9309
PEI = 0.0847¢° 13178y

Interestingly, in this analysis again two dif-
ferent trends of scatters are recognized: (1) PEI is
high due to high S, of basins in respect of high
So.0s, and (2) PEI is high due to high Q, in
respect of high CN. It is confirmed that daily
exponential increase of runoff generates high
sediment yield in the basins, and at last PEI is
drastically increased in the basins of gullies. The
stream magnitude of gullies is well associated
with PEI. The stream magnitude of 81-88 (e.g.
Radhamohanpur, Gangani and Bagnada bad-
lands) shows a relatively high PEI of 0.47-0.55.

2.5 Discussion

Gully erosion occurs under different forms (and
names), as described by Poesen et al. (1998),
Casali et al. (2000), Poesen (2018) and Bartley
et al. (2020), and the most common types of
gully erosion are observed and recognized in the
study areas. ‘Ephemeral gullies’ form where
overland flow concentrates (mostly in cultivated
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Fig. 2.17 The scatter diagrams and regressions (S, = bln Q; — a) showing a positive increment relation between daily

runoff and sediment yield in the basins of gullies

landscapes), i.e. either in natural drainage lines
(thalweg of zero-order basins or hollows) or
along (or in) linear landscape elements such as
drill lines, dead furrows on parcel borders or at
the limit of headlands and tractor routes or
unpaved access roads. When overland and shal-
low subsurface flow meet the gully head, energy
dissipation from the resulting waterfall causes the
headwall to mitigate upslope, leading to the term
head cut. ‘Hillslope gullies’ are often defined
from an agricultural perspective as eroded
channels too deep to ameliorate easily with
ordinary farm tillage equipment. Typically, their
depths range from 0.5 to as much as 25-30 m.
Permanent hillslope gullies are most commonly
found in concentrated flow zones of non-
cultivated land on colluvial red soils, including

natural drainage pathways. These gullies are
formed by hydraulic erosion due to excess flow
shear stress at the channel head and on the
channel bottom caused principally by vegetation
degradation or removal. ‘Alluvial or bank gul-
lies” may rapidly develop at or below the soil
surface by fluvial scour, piping and mass move-
ment processes. Once initiated, these gullies
retreat by head-cut migration into the more gentle
sloping soil surface of the adjacent alluvium and
further into low-angled pediments, river or agri-
cultural terraces. Urban sprawl into sloping land
often leads to a dramatic increase of runoff
coefficients, decreases in concentration times and
a concomitant increase in peak runoff discharges.
Under certain conditions (e.g. intensive rainfall
regimes, relatively steep slopes, erodible soils
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and lack of adequate drainage infrastructure), this
may lead to the formation of large ‘urban gullies’
(observed in Gangani badlands). ‘Badlands’ are
deeply dissected erosional landscapes, formed in
soft lithology. Badlands, also referred to as
‘ravine lands’, are a distinct landform type rather
than the gullies, but they contain gullies and
coalesced gully features, dominating by overland
flow, mass movement and piping. Now, in the
following sub-sections, the various factors or
triggers of gully initiation, timing of gully ero-
sion (e.g. geochronology) and evolution of gul-
lied landscape are discussed to un-earth the
morphogenesis of Rarh badlands.

2.,5.1 Triggers of Gully Development

Gullies are a highly visible form of soil erosion,
with steep-sided, incised, drainage lines greater
than 30 cm deep (differentiate from rill). In lay
terms, the word ‘gully’ is often used to describe
any drainage line flowing towards a stream; in
soil conservation, it is a section of a drainage line
that is unstable, with visible evidence of soil
removal. In Anthropocene, gully erosion is con-
sidered as both a natural and a human-induced
active process in the landscape. Natural gully

30 40 50 60 70 80 90
Daily Catchment Runoff (mm)

erosion plays a major role in landscape evolution.
Gullies, and the streams that they feed into, help
carve out valleys and supply alluvial sediment to
fill floodplains. Gullies can occur anywhere in a
natural drainage line as runoff flows from the
most remote part of a catchment to its outlet.
However, a natural drainage line is not a pre-
requisite for a gully to occur. Gully erosion is
determined by many watershed and anthro-
pogenic factors, and some factors intensify the
rate of gully erosion and expansion (Fig. 2.19).
There are extrinsic and intrinsic thresholds
responsible for gully erosion. Extrinsic thresh-
olds are those where external variable changes
progressively and eventually trigger an abrupt
failure within the system, e.g. deforestation and
road construction. Intrinsic thresholds are within
the system and change independently of the
external variables, e.g. piping. In the study area, a
few anthropogenic factors (e.g. deforestation,
overgrazing, mining, road and associated con-
struction) and watershed factors (e.g. rainfall,
overland flow, subsurface flow, soil profile and
lithology) are very visible and dominant to
induce rill and gully erosion.

Any management practice and built-up areas
that leads to runoff concentration have the
potential to cause a gully at any location in the



2 Morphological Dynamics, Erosion Potential ...

47

Fig. 2.19 Different components and forms of gully
erosion in the laterite terrain of Birbhum and Paschim
Bardhaman: (a) intensive vertical incision of trunk
alluvial gullies, (b) development rills and growth of bank
gullies, (¢) mass movement in gully bank, (d) evidence of
sheet erosion (region of overland flow path) at gully

landscape. This includes cultivation furrows,
roads, tracks, stock pads, fence and aerodrome.
Gullies can sometimes affect most of the land-
scape, creating what is referred to as ‘badland’

catchment, (e) migration and growth of head cuts towards
divides, (f) parallel growth of bank gullies, (g) develop-
ment of gully fan at downstream with declivity of divides
and (h) downstream ephemeral flow in gully channel
showing excessive deposition at bed

erosion which is extensive in vulnerable land-
scapes of Rarh laterites. Wherever possible, it is
best to prevent gullies from starting rather than
attempting to control them once a gully has
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formed. Therefore, it is needed to understand the
triggers of gully development (Fig. 2.20). Any
change in a land use or practice that reduced
rainfall infiltration results in shorter times of
concentration of runoff, increased volumes and
velocities of runoff, and therefore higher risks of
erosion. Gullies can be created by local,
upstream or downstream influences, and often
there is more than one factor involved. In some
circumstances, the local or downstream influ-
ences may be just as important as those upstream.

2.5.2 Local Triggers

Local triggers of gully formation usually occur
on land that is not within a natural watercourse,
but may divert and/or concentrate overland run-
off flows to land that is vulnerable to erosion. It
includes (1) roads and tracks, (2) built-up area
(settlement and large construction), (3) stock
pads, (4) fences, (5) firebreaks, (6) furrows that
can develop into rills that become gullies,
(7) failed contour banks and waterways and
(8) sinkholes on alluvial plains or large cracks on
the soil surface and Diversion banks that direct
runoff to an incised stream.
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2.5.3 Upstream Triggers

Runoff first commences as overland flow when
the rate of rainfall exceeds the rate of infiltration.
This situation may occur as a result of raindrops
impacting bare soil and reducing its infiltration
rate. This occurs more quickly on bare soil
compared to covered soil, but can occur when
rainfall rate exceeds infiltration rate, regardless of
soil cover conditions. An effective ground cover
allows rain to soak into the soil, until it becomes
so saturated that the rainfall becomes overland
runoff. On sloping land, overland runoff can
concentrate after a certain distance, perhaps only
a few metres. Upstream triggers include
increased runoff from changed land use such as
tree clearing, overgrazing, cultivation, burning
and urban developments. Overgrazing results in
degraded surface vegetation—a reduction in
biomass, ground cover and vegetal basal area—
leading to reduced rainfall infiltration, increased
runoff and initiation of the erosion processes.
Heavy rains concentrated in a short time,
regardless of the total annual amount, can cause
severe gullying. The thunderstorms of the tropics
are characterized by high-intensity peaks greater
than 50 mm hr™'. Intense rains of tropical

Anthropogenic Factors

I

Agricultural
activities

Urban

a. Deforestation

activities

a. Buildings and

Highways

a. Poor layout and

b. Burning compounds blockage of
c. Cultivation of b. Foot paths natural waterways
marginal lands c. Mining b. Faulty drain outlets

d. Overgrazing

c. Poor maintenance

Watershed Factors

Soil profile Soil
Rainfall Overland flow Subsurface flow & !itrf ology properties
- intense rains - Concentrated flow - Interflow - Layering - Weak structure
- High velocity - Pipe flow - Coarse-textured - High SAR

Fig. 2.20 Possible triggers or key factors of gully erosion

- High dispersible clay
- Liquefaction

surface soil overlying
a clayey sub-soil
- Activity of soil fauna
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cyclones promote less infiltration on the saturated
ground and trigger excessive runoff which is
responsible for gully head migration and bank
failure. Intense rains, coupled with laterite soils
prone to slaking and crusting, generate high
runoff volume and the concentrated flow affects
the lateritic land having the bareness or vegeta-
tion break.

Increased runoff from hillslopes will concen-
trate in a natural drainage line and create a risk
for gully erosion to occur. A change in the
equilibrium of the stream may occur when a
channel needs to modify its shape to allow for an
increase in flood levels. The increase in runoff is
said to destabilize the equilibrium of the drainage
line. Gully erosion is developed by complex
hydro-geomorphic  processes, whereby the
removal of soil is characterized by large incised
channels in the badlands of Rarh laterites. The
gully formation processes include (Bergsma et al.
1996) (a) scour by concentrated runoff, (b) dis-
persion in sub-soils around seepage lines, fol-
lowed by tunnel erosion, (c) mass wasting and
collapse of overlying soil into tunnel or gully
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flow, (d) headward erosion gullies and (e) gully
widening (Fig. 2.21).

2.,5.4 Downstream Triggers

This form of gully initiation is common but
rarely mentioned in most texts. An example of a
downstream influence is when the outlet of a
stream is lowered, resulting in the overall length
of its bed coming steeper and lowering of local
base level. In the past geological eras, an increase
in stream gradients may have occurred as a result
of a fall in mean sea levels or a rise in the
catchment landscape. When the stream bed
erodes, the stream can become more incised.
Drainage lines flowing into the stream then
become eroding gullies over-falling into the
stream. This set off a system of advancing gullies
throughout a catchment. Such gullies may eat
their way back to the very top of their catchments
even though their contributing areas can be very
small. Where a gully has virtually no catchment,
raindrop impact in the gully itself can become the

THE PLACE OF GULLY FORMATION IN RAIN EROSION

= Mass failure

= Concentration of overland flow (by natural
topography, in cattle trails, in field boundary
furrow and by overtopping of contour

= Concentration of subsurface flow
(by topography and subsurface
layering)

farming practices etc.) and runoff from

higher areas at steep slope

Scars of slides & Incision
slips, & mass H
depositi‘on forms
\remereereroremoreene GULLY FORMATION

Gully extension

Piping, tunnel erosion & collapse

(upslope shift of gully head and branching)

Growth of Drainage Network

Fig. 2.21 Progressive stages of gully formation and network growth during the prolonged rainstorm event, with a

dominance of mass movements, incision and tunnel erosion
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main source of runoff, soil loss and subsequent
downstream sediment.

2.,5.5 Geochronology of Gully
Initiation

The badlands along the Yamuna—Chambal Val-
ley, Mahi Valley and Belan Valley represent the
vigorous case of gully erosion in India, and these
badlands are now recognized as important geo-
morphosites for fluvial research and geotourism.
These badlands are believed to have developed
due to past active tectonics and strengthening of
Indian Summer Monsoon (ISM) in Late Quater-
nary (Mishra and Vishwakarma 1999; Gibling
et al. 2005; Tandon et al. 2006; Ranga et al.
2015). After Optically Stimulated Luminescence
(OSL) dating the gully fill sediments of Chambal
Valley, it is explored that the youngest gully fill
sediments are dated about ca. 35 + 4 ka old
(Gibling et al. 2005; Ranga et al. 2015). These
sediments are actually gully fills, carried by
gullies and ravines, must formed prior to that
period (Tandon et al. 2006). OSL and radiocar-
bon dating of cliff-top strata and valley fills of
northern India reflect various phases of gully
incision, viz., ca. 3.39 £ 0.1 ka, 4.74 + 0.08 ka,
93 +£0.2ka, 11.87 £0.12 ka and 25 £ 2 ka
(Tandon et al. 2006). The gully erosion and
ravine development were intensified in the river
basins of north-central India due to strengthening
of the south-west monsoon (SWM) in Early
Holocene (Fig. 2.22): (1) Ganga—Yamuna inter-
fluve at 13-9 ka, (2) Yamuna Valley at 53—
10 ka, (3) Belan Valley at 31-21 ka, (4) Mahi
Basin at 1411 ka and (5) Luni Basin at 11-9 ka
(Sinha et al. 2020).

OSL dating of badland sediments gives proxy
data or clues about the age of fluvial deposition
on gully floor in the past, reflecting an idea about
the time frame of gully initiation. The dense
network of gullies exposes a vertical profile of
almost 12-14 m thick package of alternative
sandstone—siltstone sequence with an overlying
ferruginized sequence of fining upward fluvial
sediments at the Gangani Badlands. The section

S. Ghosh and S. Roy

reflects multi-level lateritic weathering, duricrust
formation and deposition from Early—Late
Pleistocene, and subsequent gully erosion of
Holocene exposes this profile. The OSL dating of
two gully fan deposits (up to 4.2 m and 2.5
depth) yields an age of ca. 10.6 = 0.8 ka and
5.3 &£ 0.6 ka, respectively, in the Gangani Bad-
lands (Chakraborti 2011). The result justifies that
the erosion started around ~ 10,600 years ago
(Early Holocene) and ~ 5,300 years ago (Mid-
Holocene), respectively, due to intensification of
SW monsoon rainfall or any tectonic uplift of the
Bengal Basin. These badlands are located in
between two major basement faults (Chota
Nagpur Foothill Fault and Medinipur—Farraka
Fault), as an uplifted block, showing coarse
drainage texture and centrifugal drainage devel-
opment. In the badlands of the Bishnupur region,
three distinct depositional episodes are indenti-
fied in three layers of gully fan deposits (Chak-
raborti 2011): (1) younger top alluvium (0.9 m
depth) of age ca. 1.5 & 0.2 ka, (2) subsurface
deposited older alluvium (2.2 m depth) of age ca.
2.2 £ 0.1 ka and (3) ferruginous coarse deposits
with Fe-nodules (3.4 m depth) of age ca.
3.5 £ 0.7 ka. This result identifies that the gully
erosion started ~ 3,500 years ago with occa-
sional intensification ~2,200 and ~ 1,500
years ago (Late Holocene). The geochronology
of the Bolpur region (Surul badlands) signifies an
initiation of gully erosion at ~ 8,400 years ago,
and it got another momentum at ~4,100 years
ago (Mid-Holocene) (Chakraborti 2011).

The recent earthquakes of Bengal Basin
western shelf zone around the faults have
emphasized the role of active tectonics on the
development of lateritic badlands. The recent
important earthquakes of this region were
recorded as (1) Mw 5.2 Sagar Island (15 April
1964), (2) My 5.0 in the south of Sundarbans (23
June 1975), (3) My 4.7 in Ganges Canyon, south
of Sundarbans (28 November 2005), (4) My 4.5
in Hooghly (28 August 2018), (5) My 4.5 in
Musabani, Jharkhand (28 July 2019), (6) My 4.7
in Bankura (26 May 2019) and (7) Mw 4.1 in
Nadia (26 August 2020). The badland terrains of
Rarh laterites are also genetically linked with
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inversion of relief and active tectonics (Ghosh
and Guchhait 2020). Inversion of relief refers to
an episode in landscape evolution when a former
valley bottom becomes a ridge, bounded by
newly formed valleys on each side (Ollier and
Pain 1996; Ollier and Sheth 2008). Since Early
Quaternary the unit between Medinipur-Farakka
Fault (MFF) and Chota Nagpur Foothill Fault
(CFF) started to uplift due to re-activation of
basin basement faults during the occasional
Himalayan upheaval and active tectonics of

Bengal Basin (Ghosh and Guchhait 2020). Then
during 6-7 ka, the eastern unit of Tectonic Shelf
(between MFF and Damodar Fault) is subjected
to subsidence, and the western lateritized unit
(i.e. Rarh Bengal) is subjected to relief inversion
due to neotectonic uplifts and consecutive fluvial
erosion in Holocene times. Increased precipita-
tion during ~15 to 5 ka period of peak mon-
soon recovery probably increased discharge and
promoted incision and widespread badland for-
mation (Fig. 2.22). As fluvial erosion proceeds,
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the valley floor becomes a ridge and interfluves
(i.e. laterites of Rarh Bengal) bounded by newly
formed Late Quaternary valleys on each side.

2.,5.6 Connectivity Model of Badland
Evolution

The way in which landscape compartments fit
together in a catchment influences the operation
of biophysical fluxes, and hence the ways in
which disturbance responses are mediated over
time (Brunsden and Thrones 1979; Brierley et al.
2006). These relationships reflect the connectiv-
ity of the landscape. A nested hierarchical
framework that emphasizes differing forms of dis
(connectivity) in catchments is proposed by
Brierley et al. (2006). Analysis of the character
and behaviour of landscape compartments, how
they fit together (their assemblage and pattern)
and the connectivity between them provides a
platform to interpret the operation of the geo-
morphic process in the system of badlands (Bri-
erley et al. 2006). Longitudinal (upstream—
downstream and tributary—trunk stream relation-
ship), lateral (slope—channel and channel-flood-
plain relationship) and vertical (surface—
subsurface interactions of water, sediment and
nutrients) linkages reflect the operation of dif-
ferent processes at different positions in a
catchment of a gully.

The way in which threshold behaviour, land-
scape sensitivity and connectivity operate toge-
ther at the meso- and macro-scale in badlands is
initially considered from a theoretical energy-
utilization perspective (Harvey 2001; Thomas
2001; Faulkner 2008). The argument is devel-
oped that intrinsic changes to process domain
dominance can result in progressive shifts in
process connectivity without the need to invoke
external climatic or tectonic change. From this
premise, a meso-scale closed system model for
the evolution of connected states in regionally
isolated badlands is developed, applicable to
systems evolving towards a fixed base level
within a less erosive host landscape (Faulkner
2008). The model shows how badlands discon-
nected from regional drainage can develop from
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a wide range of initial states into convergent
quasi-equilibrium, followed by a period of
complex response as energy is dissipated across
thresholds, giving rise to a range of equifinal
maximum entropy landscapes (Faulkner 2008).
This study has introduced the ‘connectivity—
sensitivity model’ (Faulker 2008) as a crucial
determinant of badland morphology and evolu-
tion in the semi-arid landscapes (Fig. 2.23). It is
assumed that it may be useful for geomorphol-
ogists to consider the scales and settings within
which these ‘top-down connectivity’ models of
hillslope process operation cease to be useful to
the interpretation of Rarh badland geomorphol-
ogy. It is assumed that all sediment transport
within the landscape occurs at the detachment-
limited rate, and it is essentially a ‘closed system’
model. The connectivity model comprises four
evolutionary stages (Faulkner 2008):

o [Initial State—In the ‘initial state’, for the
point (x,y,z), the disconnected nature of
adventitiously developing discontinuous geo-
morphic elements in the laterite terrain has
been developed. At this stage, the badlands
are started to extend into the water divides of
terrain, and the energy available at (x,y,z) will
stabilize or increase drainage area as the
badlands extend laterally, with no loss of
relief. The badland system at this stage will be
young, expanding and aggressive. The actual
power of the small developing system is close
to the critical power threshold for change,
producing cut-and-fill features and increasing
connectivity.

e Quasi-Equilibrium State—Once the host ter-
rain is used up, the badlands divides will
meet, extension will cease and the increas-
ingly integrated network will develop to a
quasi-equilibrium stage (Fig. 2.23b) in which
all the events are effective and erosion oper-
ates in the same direction. This is the most
organized stage that the landscape experi-
ences; the ‘information’ in the landscape
(Horton’s laws of drainage composition is at a
maximum and entropy minimized). It is a
relatively insensitive landscape; the robust
organization of the convergent landforms
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ensures that intrinsic and extrinsic threshold
‘avulsions’ are less likely. Within-net depo-
sition will eventually result from a progressive
loss of relief, thus, the nature of equilibrium
shifts (hence quasi-equilibrium).

Complex Response State—Quasi-equilibrium
may be a short-lived stage. The loss of relief
inevitably decreases slope angles, and this
increases morphological resistance so that the
critical threshold for sediment removal starts
to rise just as the actual power of the events

badlands, and (b) a conceptual model of landscape
connectivity stages in badland evolution, and develop-

ment of landscape connectivity after uplift and surface
wash in the Rarh badlands

generated in the reduced relief landscape starts
to drop. A point will be reached where once
again critical threshold power and the actual
range of power of events become straddled in
a reversal stage of network organization. The
stage reflects complex response (viz., incision,
aggradation and planform change), because
this increasing lack of flow competence during
more frequent events is in a climatic setting
still dominated by extreme but infrequent
events. A range of sensitive sites must be



54

S. Ghosh and S. Roy

produced and retrenched over and over again
in the badlands, giving rise to many cut-and-
fill cycles (a series of ramped or divergent
trajectories or episodic erosion).

e Dissipative Behaviour State—The progressive
loss of relief means that event runoff becomes
less integrated: the disconnection of system
parts due to loss of flow on transmission and
deposition means that the system loses ‘in-
formation’” by disconnecting. The overall
context is therefore one of increasing entropy,
which increasingly involves both morpho-
logical stabilization (slope too gentle for any
erosion) and geochemical stabilization
(weathering dominates, associated with the
removal of dispersive agents from the top
layers due to leaching). From the closed sys-
tem model, ‘auto-dissection’ is argued to be
characteristics of early badland extension, and
‘auto-stabilization’ as an aspect of late-stage
energy dissipation. Both states are common in
badland settings.

Many researchers and geomorphologists
(Biswas 1987; Niyogi et al. 1970; Bandyopad-
hyay 1988; Sen et al. 2004; Sen 2008; Shit et al.
2013) have explored the Gangani Badlands of

Rill initiation
& convergence

Headcut

L~ Concentration
of overland flow

Fig. 2.24 A possible conceptual model showing three
prime stages: (1) rill initiation and convergence, (2) valley
incision and head cut retreat and (3) head migration and

Garhbeta, Paschim Medinipur (about 0.75 km?)
which is now recognized as one of the important
geomorphosites in West Bengal. With time, fas-
ter erosion in the concave portion of the river
bend has lead to the migration of the meander
towards the lateritic upland to form an elevated
escarpment of Pleistocene laterites (more than
15 m height) along the Silai River’s concave side
(Bandyopadhyay  1988). Numerous inter-
connected gullies have developed with time,
and further incised into the scarp, escalting fast
retreat of an escarpment section and forming an
elliptical form of slope. Due to regional vari-
ability of laterite thickness, exposure of hard and
soft laterites, groundwater, effective rainfall, land
use and land cover, soil erodibility, bareness of
soil, livestock grazing, local gradient and drai-
nage area, there is some variability of rill and
gully formation. Consecutive field investigations
reveal seven stages of rill and gully development
on the laterites of the study area—(1) Initiation of
sub-parallel rills, (2) Cross-grading and Micro
piracy, (3) Initiation of gullies, (4) Start of
accelerated erosion, (5) Retardation of vertical
erosion, (6) Lateral erosion and widening and
(7) Gully stabilization (Fig. 2.24).

Intensive valley incision
& headward regression

Gully head migration
& widening of valley

Gullybranches

valley widening of rill and gully erosion in the laterite
terrain of Bengal Basin
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It is now explored that the gully-river cou-
pling of Gangani, Bagnada and Bhatina badlands
shows a good example of landscape connectivity
model of badland evolution on the Rarh laterites
(Figs. 2.25 and 2.26). As gully erosion proceeds
in the Gangani Badlands (similarly in other
badlands), the top-level gullies drain the surface
of the laterite upland; middle-level channels
formed due to the localized retreat of the cliff line
cut into the lower horizons; and the bottom-level
gullies dissect the planation left exposed by the
retreating cliff line. Along with this denudational
operations like slab failure in gully sidewalls,
rockfall from river-side duricrusted escarpments,
granular disintegration in the top-level duricrust,
basal sapping, plunge pool erosion and under-
cutting are active in gully heads and side walls.
In the top-level highly indurated Fe-duricrust
surface up to the gully head, sheet erosion is a
rather significant surface wash during high-
intensity rainfall events of thunderstorms or
peak monsoon. The varying cohesiveness, per-
meability and Erodibility in the different horizons
of a lateritic profile produce occasional break-
aways. The key erosional factors, responsible for
evolution and progress of the landform assem-
blage, are recognized as: (a) sub-surface hard
layer resisting erosion, (b) extent of exposition to
laterite weathering, (c) differential waxing slope,
(d) erodible debris slope, (e) concave basal slope,
(f) convex gully head slope, with convergent rill
systems, and (g) gully-side slopes feeding later-
ally into a gully channel. The River Silai acts as a
local control on the base level of erosion since
Early Holocene, and the fluvial regime of Holo-
cene SWM monsoon period triggered the various
episodes of incision and deposition in the bad-
lands, maintaining a quasi-equilibrium stage of
connectivity. It may be interpreted that the active
tectonics of Bengal Basin can initiate extrinsic
threshold to the badland connectivity system
(providing low entropy), and still at present the
gully incision phase is dominated over deposi-
tion, generating high sediment yield (5-9 t ha™';
within rainfall range of 50-150 mm per day) into
the floodplains or rivers.
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2.6 Concluding Remarks

The above analysis suggests that the stream
ordering system of Strahler is not well explained
by the variable drainage network growth of
gullies, but the Shreve stream magnitude and
channel link topological model treat each gully
basin as a distinct network of channel arrange-
ment with increasing stream power. The gullies
of study areas are usually identified as 3™-, 4™-
and exceptionally Sth-order of fluvial system
(according to Strahler ordering system), whereas
the maximum and minimum stream magnitude of
gullies are identified as M-88 (highest number of
channel links—175) and M-22 (lowest number of
channel links—43), respectively. The S Link and
TS Link probability of TDCN is estimated at
about 24.94-26.21% and 24.95-26.05%,
respectively, in the badlands. The fractal
dimension of drainage network is very high (>1)
in the lateritic badlands, varying from 3.037 to
7.968, showing high complexity of drainage
network and dense dendritic pattern of network
growth. The density of gully network ranges
from 2.86 to 13.76 km km 2, having an average
length of the overland flow of 22.47-174.51 m.
It is learned that to maintain one metre of gully
channel, there is a requirement of low drainage
area (55.71-349.01 m?), reflecting high suscep-
tibility of gully erosion. The low value of over-
land flow path (<100 m) means the shortest
length of surface flow towards gully heads,
showing high vulnerability of concentrated flow
to initiate channels. The stream-length gradient
index varies widely throughout the gully channel
profiles of six badlands, having a range from
0.81 m to 47.32 m. The index reflects the pulses
in the gully energy profile due to stream power
enhancement, slope steepness, resistance of
underlying sediments and active tectonics of the
Bengal Basin. Alongside hypsometric integral
values of gully basins, ranging from 0.4 to 0.6,
reflect an influence of base-level control to active
erosion in the lateritic badlands of Rarh Bengal,
maintaining low entropy of fluvial system and
development of mature—youthful landform stage.
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Fig. 2.25 An example of connectivity model in the
badlands of Rarh laterites, showing the drainage network
growth of gullies (in association with consecutive changes
in lateritization process) since Late Pleistocene, and

The present threshold condition of gully initia-
tion is defined as the critical slope (in respect of
gully head drainage area) of laterite terrain,
varying from 0.0222 to 0.0407 m m™ ", and the
present sine function of the slope is always

Pleistocene)

Development of rill and gully
with strenghtening of monsoon

Ongoing
Lateritisation

l’/ rr""\

e ALY
||“|||.|,..

I I (Early - Mid Holocene)

Development of badlands
associated with dense network
of rills and gullies

Profile development
through lateritisation
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increasing connectivity of badlands (got momentum in
Early Holocene) with the main river through sediment
inputs to develop a quasi-equilibrium to complex state of
landform evolution (Late Holocene to Anthropocene)

greater than the threshold coefficient K (0.182—
0.482) in these gullies. In the gullies, the sedi-
ment yield is estimated at about 2.15-9.10 t ha !,
in response to daily runoff (11.41-66.49 mm per
day). The potential erosion index (0.078-0.554)
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Fig. 2.26 A field example of connectivity model in badland evolution of laterite terrain (Gangani badlands), showing
landforms associated with quasi-equilibrium to complex response state at upstream and dissipative state at downstream

is found to be exponentially increased with
escalating daily runoff and sediment yield.

It is understood that changes in land use
practices, strengthening of south-west monsoon,
high rainfall of extreme climatic event and
dynamic active tectonics of Bengal Basin are the
key factors of badland development, and current
anthropogenic activities (viz., roads, settlements,
tree clearing, overgrazing and cultivation) act as
catalyst to active erosion phase. Geochronology
affirms that much proxy data is recorded in gully
fan deposits, and these badlands show various
phases of active incision since Early Holocene,
ie. 10.6 ka, 8.4 ka, 5.3 ka and 4.1 ka, respec-
tively. Interestingly, these badlands are located
over the basin margin fault system of Bengal
Basin western shelf zone, and recent earthquakes
(Mw 4.1 — 5.2) may have a direct role in
changing micro-relief-slope condition as regional
tilting towards the east. The important finding of
this analysis finally relates with longitudinal and

lateral connectivity or linkage of badland evolu-
tion which reflects threshold behaviour, land-
scape sensitivity and process connectivity,
operating together at the micro-scale of badlands.
The evolutionary stages of badland development
are well explained by the connectivity model,
and the hillslope—gully-river coupling system
in the Gangani, Bagnada and Bhatina bad-
lands (Initial state — Quasi-equilibrium state —
Complex response state — Dissipative state). At
present time, the laterite terrain may be reached
to the quasi-equilibrium to complex state of
landform evolution, and it poses an integrated
network of gullies which may develop to meet
badland divides, maintaining actual increasing
power of fluvial system. Consequently, connec-
tivity overcomes the threshold value of critical
stream power, promoting more erosion than
deposition. In spite of vast researches and present
analysis work, a better understanding of these
aspects is further needed at a range of temporal
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and spatial scales in various types of environ-
ments. It is undoubtedly the case that there is a
strong connection between data availability and
an interest in the where, how much, by what
means and when gully erosion occurs. Particu-
larly, one of the big questions that bedevilled
erosion studies is the issue of the influence of
imperceptible change or catastrophic events or
anthropogenic factors. Based on the above
empirical study, it is realized that there is a need
for more research attention for (1) improved
understanding of both natural (e.g. climate
change and active tectonics) and anthropogenic
soil erosion processes and their interactions,
(2) scaling up soil erosion processes and rates in
space and time with intensive field study and
instrumentation, (3) predicting the on-site and
off-site impacts of soil erosion and (4) innovative
techniques to reduce soil erosion rates.
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Abstract

The middle-lower and deltaic courses of the
Subarnarekha river from Jamsola (upstream)
to Chaumukh (mouth) have been considered
for the study of plan shape geomorphology
partially along the alluvial valley floors
between bank margin environment. Geologi-
cally and topographically, the depositional
environments comprise with Lalgarh forma-
tion, Sijua formation, Panskura formation,
Basudebpur formation, Daintikri formation,
and beach ridge chenier formations of fluvial,
fluvio-marine and marine depositional pro-
cesses with the seaward gradient from Jamsola
to Chaumukh. Distinctive sub-environments
of the upstream fluvial dominance, ancient
delta-fan lobe extension, and areas of sea level
fluctuations with lower deltaic beach ridge
chenier at downstream section are categorized
based on the identified assemblages of land-
forms in the present study. The geospatial

techniques, repeated field observations, Total
Station survey and sedimentological analysis
of bank margin stratigraphic sections have
been considered in the study to explore the
spatial diversity of plan shape geomorphology
in the different sections of the studied river
course. The study reveals that the course of
the river sections bears diverse geometry of
meander properties with  discontinuous
straight courses and wider valleys. The
section-wise plan shape geomorphological
features assemblages of 16 categories in the
section of Jamsola—Ragra stretch, 18 cate-
gories in Ragra—Dantan stretch, 15 categories
in Dantan—Rajghat stretch, and 24 categories
in Rajghat—-Chaumukh stretch in the form of
instream deposition, channel fringe deposition
and floodplain deposition. Distinct morpho-
logical variations of the three major
mid-channel bars at the different channel
positions indicate the nature of seasonal
hydrodynamics and signatures of catastrophic
floods. The layer-wise sedimentological anal-
ysis of the younger fill terrace and two
mid-channel bars shows the trend of discharge
and fluctuating flow regimes in the different
flood events of single or multiple years.
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Identification of palaeo-shorelines, ancient

delta-fan lobes and cut and fill terraces along

the courses of the river valley highlights the
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role of dynamic marine, fluvio-marine and
fluvial environments in the region.
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3.1 Introduction

The distinct geomorphological features within a
river valley formed in a suitable position, and
their shape and size are modified based on the
interacting processes of fluvial hydraulics and
sediment loads within a river valley region
(Bentham et al. 1993; Ashworth et al. 2000;
Sarma 2005; Corenblit et al. 2007; Ventra and
Clarke 2018). The existing characteristics of
channel geometry also control the dimensions of
the geomorphological features (Abrahams 1984;
Wharton 1995; Sofia 2020). The diversified river
valley geomorphological features form in the
longitudinal and transverse section in the differ-
ent stretches of a river basin (Khan et al. 2018).
The types and dimensions of landforms in the
hilly or upper catchment areas are far different
from the middle and lower catchment areas.
Also, the landform types differ according to the
lithological features and sedimentary nature
(Jana and Paul 2019). In the tropical region, the
middle and middle-lower reaches of a river val-
ley are dominated by soft sedimentary deposits
(Fryirs and Brierley 2012; Jana 2019). In these
reaches, landforms formed under the unidirec-
tional flow, which enhanced during the summer
monsoon flood season (Jana and Paul 2018).
However, the landforms in the extreme lower
reaches or deltaic areas are dominated by silt and
clay types of material deposited by the bidirec-
tional tidal flow (Jana and Paul 2018). At the
overbank flow regimes, the sediment loaded
flood water can reach up to the valley ends. The
new or already existed geomorphological fea-
tures formed or restructured, depending on the
flow energy level, the volume of water and sed-
iment and inundation intensities (Gilvear 1999;
Fryirs and Brierley 2012). Concurrently, in the
instream section, the geomorphic units also
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evolved according to the erosional and deposi-
tional nature of sedimentary environments
(Leopold et al. 1992). Therefore, to some extent,
landform modifications are related to every flood
event. Moreover, anthropogenic activities play a
significant role in geomorphic alterations within
riparian areas (Best 2019).

The identification and demarcation of different
instream geomorphic units are a difficult task for
thier ever-dynamic nature in connection with the
seasonal fluctuation of the flow regime (Fryirs
and Brierley 2012; Roy and Sahu 2018; Sofia
2020). The floodplain geomorphological features
are relatively less altered by the flow regime,
although, it modified by the anthropogenic
activities (Poff et al. 1997; Wu et al. 2008).
Despite the dynamic nature and anthropogenic
alterations, the distinctive geomorphic units have
well preserved in the different extents of the river
valley (Bisson et al. 2017). Those landform units
can be identified through the analysis of sedi-
mentary environments, terrain diversities, geo-
metric properties and the presence of soil,
vegetation and moisture contents in the different
landforms. In this concern, field observations and
surveying are the prime tasks coupled with
satellite image analysis.

In the present study area of the middle-lower
and deltaic courses of the Subarnarekha river
valley, lots of works have been done regarding
the geological and geomorphological study in the
different area specific aspects (Niyogi 1975;
Bhattacharya and Misra 1984; Paul 2002; Jana
and Paul 2014, 2018, 2019, 2020; Jana et al.
2014; Paul and Kamila 2016; Guha and Patel
2017), morphometric analysis and landforms
(llahi and Dutta 2016), hydrological aspects
(Dandapat and Panda 2013; Samanta et al. 2018)
and river bank erosion rate and its prediction
(Jana 2019). But, most of these works have been
done to a discrete extent, which mainly concen-
trated in the deltaic areas. Although, some stud-
ies have been done considering the entire basin
area (Ilahi and Dutta 2016; Guha and Patel
2017), these works did not consider the detailed
geomorphological features. The entire middle-
lower and deltaic courses are yet not considered
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in a uniform aspect for geomorphological anal-
ysis. Therefore, the present study aims to assess
the distinct geomorphological features at differ-
ent spatial extents (along and across the valley)
of the middle-lower and deltaic courses of the
Subarnarekha basin based on the sedimentolog-
ical and hydrological analysis coupled with field
investigations in the different periods.

3.2 Materials and Methods

3.2.1 Study Area

The present study has been carried out in the
middle-lower and deltaic courses of the Sub-
arnarekha river valley, extended from the Jam-
sola (upstream) to Chaumukh (confluence in the
Bay of Bengal) (Fig. 3.1). The study area
boundary has been selected based on the extent
of lateritic cliffs on both sides of the river valley
in the middle-lower course (Fig. 3.1). However,
in the deltaplain, about 10 km extents on both
sides have been considered as the boundary of
the study area. The selected area has been
extended between 21°32'34.84"N to 22°19’
18.48"N and 86°4321.14"E to 87°28'33.78"E
coordinates. The alluvium deposited area has
been selected as the study area boundary
(Fig. 3.2). However, some patches of laterite and
gravel dominated areas have also included within
the study area (Fig. 3.2) as it was considered
based on the contour values.

Geologically, the selected area was formed
during the Late Pleistocene to Late Holocene
period comprising the Sijua formation, Panskura
formation, Basudebpur formation, Daintikri for-
mation and sand dune and beach formations
(Fig. 3.2). The Tertiary gravel bed of Dhalbhum
formation and Late Pleistocene laterite surface of
Lalgarh formation exists in the extreme boundary
extents of the study area (Fig. 3.2) (GSI 1998).
The extensive floodplain and valley are observed
in the left side (east) of the present river course in
comparison with the valley on the right side
(west) of the river, particularly within the Jam-
sola and Rajghat stretch. The present river course
is flowing in different directions following the

65

valley slope i.e. west to east (Jamsola to Ragra),
north-west to south-east (Ragra to Dantan),
north-east to south-west (Dantan to Rajghat), and
again it flows from north-west to south-east
direction (Rajghat to Chaumukh) before conflux
to the Bay of Bengal. Also, the different land-
form terraces of cut and fill valley and deltaplain
(Fig. 3.3) virtually coexists with the distinctive
flow directions. The unidirectional river flow is
observed up to Baliapal (from upstream) section,
which is dominated during the summer mon-
soonal flood (Jana, 219). However, the down-
stream section of Baliapal (recent deltaplain) is
dominated by the diurnal bidirectional tidal flow
with about 2.31 m mean annual range.

3.2.2 Database and Data Processing

In this study, the Geological Quadrangle Map
(GQM) has been collected from the open sources
of the Geological Survey of India portal (GSI
1998) to comprehend the lithological formations
of the area. The 30 m resolution Shuttle Radar
Topography Mission (SRTM) images (coordi-
nates: 21/87, 22/86 and 22/87; acquisition date:
11th February 2000) and Landsat 8 OLI image
(path/row: 139/45; acquisition date: 27th Febru-
ary 2015) have been collected from the United
States Geological Survey (USGS) based data
portal (EarthExplorer). All the maps and images
have been re-projected and resampled in the
Universal Transverse Mercator (UTM) projection
concerning the 45 N zone and World Geodetic
Survey 1984 (WGS84) datum. The images have
also been co-registered (Beuchle et al. 2015)
with < 0.5 pixel accuracy of Root Mean Square
Error (RMSE). The atmospheric noise effect has
been rectified using the Fast line-of-sight Atmo-
spheric  Analysis of Spectral Hypercubes
(FLAASH) model followed by Jia et al. (2014).
The landuse and landcover (LULC) classification
have been done considering the corrected Land-
sat image using the maximum likelihood and
support vector machine (SVM) classifiers models
in the ENVI 5.1 software (Foody et al. 1992; Jia
et al. 2011; Pal and Foody 2012). The diversified
soil, vegetation and water bodies (moist areas)
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Fig. 3.1 Regional settings of the study area within the fill valley terrace in the middle-lower course and deltaplain of
the Subarnarekha river basin

have been identified based on the classified DGPS (Differential Global Positioning Systems).
image (Bishop et al. 2012). The elevation data Considering the earth as an ellipsoid surface
have randomly been taken from ~ 10,000 loca- coupled with the WGS84 datum and Earth
tions of different geomorphic units using the Gravity Model 1996 (EGM96) the DGPS is
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Fig. 3.2 Geological setting of the study area exhibits age-wise different lithological formations

performing. Therefore, the extracted DGPS-
based data (elevation) converted into equipoten-
tial geoidal surface corresponding to the mean
sea level (MSL) as a local vertical datum (Pavlis
et al. 2012; Patel et al. 2016). Moreover, the
Total Station (TS) survey was conducted during
February—April 2015 in the distinct geomorphic
units of the river bed, mid-channel bar, natural

levees (older and younger), palaco-courses and
oxbow lake areas. Elevation data of ~ 1500
points were taken from each site at ~10 m of
spatial interval (depending on the elevation dif-
ferences). The SRTM images have been merged
(mosaic) and resampled into 10 m resolution
after sub-pixel analysis (Mokarrama and Hojati
2018). The vertical accuracy of the resampled
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SRTM data has been validated with DGPS-based
elevations, which reveals the £0.15 m RMSE.
Moreover, the DGPS and TS survey-based ele-
vation data have been converted into raster data
(with 10 m resolution) employing the Inverse
Distance Weighting (IDW) interpolation method
(Patel et al. 2016), which has been superimposed

on the resampled SRTM data. Finally, the 10 m
spatial resolution raster Digital Elevation Model
(DEM) has been primed from the assembled
dataset. The multi-temporal Google Earth images
have also been used for the extraction and vali-
dation of different geomorphic landforms.
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3.2.3 Extraction of Landform
Terraces
and Morphological
Features

The different landform terraces (cut and fill val-
ley and deltaplain) have been demarcated based
on the extracted contours (10 m interval) from
the finally primed high-resolution (10 m) DEM
(Fig. 3.3). Only the extended contour lines have
been selected for the demarcation and mapping
of different terraces. The fragmented and patchy
contours zones have been ignored for the dis-
tinctive terrace mapping. The upper and lower
terraces of cut and fill valley and deltaplain have
been discriminated based on the elevation dif-
ferences. Altogether 44 types of morphological
features have been identified applying the DEM-
based elevation differences, LULC classification-
based soil, vegetation and water (moist) patches,
Google Earth images, nature of sediment
deposits and field observations. The textural
variations of deposited sediments, erosional and
depositional signatures, inundation level and
periods have been also considered during mor-
phological features identification. The plan shape
morphological features of the entire study area
have been segmented in four different zones
considering the diversified river flow directions
coupled with the slope and elevation differences
of the terraces.

3.2.4 Geometrical Analysis

The geometrical properties i.e. channel width (w)
at bankfull stage and lean-phase, depth of chan-
nel (d), width-depth ratio (w/d), meander length
(£), meander height (%),radius of curvature (r) of
meander and meander arc-length (R.) have been
estimated followed by the Williams (1986),
Islam and Guchhait (2017), and Jana (2019) for
the sectional river stretches of Jamsola—Ragra,
Ragra—Dantan, Dantan—Rajghat, and Rajghat—
Chaumukh sections as well as for the entire
studied river stretch. The channel width at lean-
phase has been estimated based on the Landsat
image of 2015. During the extreme flood events
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(bank full periods) the cloud free image was not
freely available. Therefore, the channel width at
bankfull stage was estimated from the on field
survey during July—September, 2015 in the dif-
ferent sectional reaches of the river. The other
meander properties have been estimated from the
2015 image using the ArcGIS 10.1 software after
digitizing the respective banklines and channel
middle positions (Jana 2019).

3.2.5 Sedimentological Analysis

Sediment samples have been collected from the
apparent lithostratigraphic units of the different
landforms in the upper and lower river courses.
On 15th March 2015, twelve sediment samples
have been collected from the equivalent layers of
the excavated profiles in the scrub dominated
younger fill terrace (S1) at Dharmapur and older
mid-channel bar (S2) at Nayabasan. Moreover,
six different sediment samples have been col-
lected (on 26th September 2015) from each of
the layers of the mid-channel bar (S3) at Saher-
bazar near Jaleswar. All three profiles have been
excavated up to the exposed layer corresponding
to the river bed. The collected sediment sample
has been processed and analyzed to discriminate
the textural variation of the particles using siev-
ing and pipette methods. The percentage distri-
butions of sediment grain-size have been further
analyzed employing the GRADISTAT statistical
programme (Blott and Pye 2001) to understand
the nature of fluvial environments during sedi-
ment deposition in the respective layers.

3.3 Results and Discussion
3.3.1 Fluvio-Marine Environments
and Landform Terraces

The cut and fill valley terraces (Fig. 3.3) have
been formed and modified with due effects from
the fluvio-marine environments during the Early
Pleistocene to Holocene period (Fig. 3.2). Ini-
tially, the marine process was in action around
the lower cut and fill valley terrace (Fig. 3.3)
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when the shoreline was parallel to the laterite
surface during the Early-Middle Pleistocene
period ((Fig. 3.1) (Banerjee and Sen 1987, 1988;
Jana and Paul 2020). During this period, the
laterite cliffs were formed with the relatively
fluctuating sea level and associated land erosion
by sea waves (Niyogi 1975). The tide-water
entered into the future interior areas of the river
valley and enhanced the retreating rate of laterite
layers progressively towards the land. Moreover,
the fluvial action was more active during the Late
Pleistocene ice melting in the Bengal Basin area
(Ghosh and Guchhait 2020). Therefore, the
combined erosional effects of the fluvio-marine
processes were responsible for the formation of
the extensive valley on both sides of the present
river course. However, the four different cliffs at
various elevations (Fig. 3.1) have been modified
by the headward erosion along the tributaries on
both sides of the valley in the Holocene period.
The marine regression phase was started and the
shoreline was aligned at the Baliapal section
during  7000-6500 years  before  present
(YBP) (Banerjee and Sen 1987, 1988; Jana and
Paul 2020) almost parallel to the present shore-
line (Fig. 3.1). Therefore, the Nayagram—Balia-
pal stretch was dominated by the fluvio-marine
transitional environment during the middle
Pleistocene to 6500 YBP (Jana and Paul 2020).
Moreover, the existence of five successive che-
nier dune ridges and swales between the Contai
and Digha-Talsari coastal stretch reveals the
continuous regression phase with a limited per-
iod of stillstand phases during 6,000-5,000 YBP,
4,700-4,000 YBP, 3,500-3,000 YBP, 2,500-
1,100 YBP, and 600-500 YBP (Goswami 1997,
1999; Jana and Paul 2020).

The extended valley has been filled up by the
river carried sediments drained from the upper
catchment areas and the nearby laterite uplands
during the Late Pleistocene to middle Holocene
periods (Jana and Paul 2019, 2020). These cut
and fill valley terraces (Fig. 3.3) have remained
under the Sijua formation, Panskura formation
and Daintikri formations composed with the fine
sand, silt and clay type of materials (Fig. 3.2).
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The river was flowing nearer the laterite surface
on the left side of the valley in the past. Recently,
the river is flowing through the relatively mean-
dering path within the upper terrace (40-70 m
elevation) maintaining the gentle surface gradi-
ent. The eroded materials from the retreated
lateritic cliffs have been deposited in this area,
which is responsible for the higher elevation. The
river flows in the straight course within the lower
terrace (20—40 m elevation), and the relatively
higher gradient is perceived the lower terrace in
compared to the upper terrace. The deposited
materials in the lower terrace have been redis-
tributed and somehow transported towards the
downstream section under the dominance of the
fluvial environment. These sediments were
deposited (as a delta-fan) in the upper deltaplain
during the accelerated rate of marine regression
at the later phase of the Middle Pleistocene per-
iod (Jana and Paul 2020). Therefore, among the
two cut and fill valley terraces, the lower terrace
is more extended than the upper terrace,
although, the higher elevation differences are
experienced in the upper terrace area (Fig. 3.3).
Initially, both deltaplain was formed as the sub-
merged delta-fan lobes when the corresponding
shorelines remained in the landward extents.
However, the submerged delta-fans were
emerged due to continuous sediment deposition
in the shallow marine environments coupled with
the marine regression effects since the middle
Pleistocene period (Paul 2002). The initially
deposited deltaic sediment of the upper deltaplain
has been overlain with the sedimentary deposits
of the Sijua and Panskura formations, whereas,
most of the lower deltaplain area has remained
under the Basudebpur formation (Figs. 3.2 and
3.3). The dominant meandering channel pattern
was formed with due effects from the marine
regression and short-term stillstand phases within
the deltaplain (Paul 2002). Recently, the entire
upper deltaplain is controlled by the unidirec-
tional flow, which is dominating during the
summer monsoon period, whereas, the tide-water
(marine environment) still dominated up to the
middle section of the lower deltaplain (Baliapal).
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3.3.2 Geometrical Diversity of River
Course

Geometrical properties of the river course have
been estimated (Jana 2019) considering the four
different river stretches and the overall river
course within the study area (Table 3.1). In the
Jamsola—Ragra section, the 1032 m average
channel width in the bankfull stage is reduced up
to 265 m in the lean-phase of active channel flow.
The instream geometrical properties are also
changed depending on such seasonal fluctuation
of river discharge. This meandering course is
characterized by the sinuosity index (SI) of 1.37
and the average width/depth ratio (w/d) of 122.
The geometrical properties of meander i.e. aver-
age length (¢), height (h), radius of curvature (r)
and arc-length (R.) have resulted as 7513 m,
2898 m, 1624 m and 10,166 m, respectively.
The river course become straightens within the
Ragra—Dantan section with resultant SI of 1.07.
Therefore, the meander geometrical properties
have not been estimated in this section. The
estimated average channel width (1512 m) in the
bankfull stage is greater than the upper stretch.
However, the width of the active channel flow
(270 m) in the lean-phase is almost similar to the
upper section. The highest average w/d (231) has
been estimated in this river stretch among the
four zones. At the downstream section (Dantan—
Rajghat), again the river course becomes mean-
dering with SI of 1.34. The channel width is
decreased up to 598 m in the bankfull stage, and
the active channel flow is observed only within
200 m width in the lean-phase. In this section,
the lowest w/d (100) is observed among the four
stretches. The average estimated meander geo-
metrical properties of ¢ (7207 m), h (3240), r
(1355 m) and R, (9955 m) are somehow mini-
mized in comparison to the Jamsola—Ragra
stretch. The prominent meandering channel pat-
tern (SI = 1.54) is observed in the deltaic course
in-between the Rajghat—-Chaumukh stretch. The
average channel width is also wider than the
preceding stretch (Dantan—-Rajghat), which
is ~879 m during the peak monsoonal discharge
coupled with the extreme high-tide condition.
During the lean-phase of monsoon and low-tide
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conditions, the active flow is concentrated within
500 m width. In this fluctuating hydrodynamic
condition, the average w/d is recorded as 208.
The average values of meander geometrical
properties are estimated as ¢ (5539 m), h
(2410 m), r (1055 m) and R. (8136 m).

3.3.3 Plan Shape Geomorphology
and Depositional
Environments

The river valley geomorphological features have
been classified into three parts i.e. in the
instream, at the fringe of river course and within
the floodplain. Moreover, the regional diversities
in the plan shape geomorphological features have
been broadly categorized in four distinct zones of
upper and lower terraces in the cut and fill valley
and deltaplain terraces. The depositional envi-
ronments have been assessed by the repeated
field observations of the distinct geomorphic
units in different seasons coupled with sedimen-
tological characteristics. Within the selected
study area, 22 types of geomorphic units with
their subdivisions have been demarcated and
analyzed considering the process of formation
and present status (Table 3.2).
3.3.3.1 Geomorphological Features
in the Upper Cut and Fill
Valley Terrace
The sixteen major geomorphological features
have been demarcated within the upper cut and
fill valley terrace extended from Jamsola to
Ragra stretch (Fig. 3.4). Four major coupled with
thirteen micro-level diversified geomorphologi-
cal features have been observed in the instream
section. Seven major geomorphic units have
been observed at the fringe of the river course,
whereas, five features have remained in the
floodplain areas (Fig. 3.4). The micro-level
diversities of the mid-channel bars and fill ter-
races have been identified within this stretch.
The active channel flow, recent deposits of
sand bodies in the channel bed and mid-channel
bar, seasonal and matured mid-channel bars have
been observed in the instream position (Fig. 3.4).
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Table 3.2 Different morphological features of the study areas

Positions

Instream

Fringe of
river
course

In the
floodplain

Morphological
features

Active channel
flow

Channel bed
sand bodies
(recent
deposits)

Mid-channel
bar (seasonal)
Mid-channel
bar (stable)
Tidal shoal

Incipient
crevasse
channel
Chute flow
Chute bar

Dead slough

Sand splays

Fill terrace
(younger)

Fill terrace
(older)

Backswamp

Marshy land

Oxbow lake

Natural levee
(younger)

Natural levee
(older)

Formation process

Channel flow path throughout the
year

Long-term flood deposits

Resent fluvial deposits

Long-term flood deposits

Tidal deposits at turbidity
maximum zone

Development of a narrow channel
after breaching the bar during
extreme flood

Secondary flow during high flood
events

Degradation of mid-channel bar by
storm flood

Shifting of active flow path from the
bank margin to channel middle
position

Sand deposition during storm flood

Sediment deposits (recent) during
flood at the position of earlier cut
terrace

Sediment deposits (earlier) during
flood at the position of earlier cut
terrace of active flow path

Diversion of natural river flow after
embankment construction

Natural depression areas of the
floodplain, mainly form in the swale
topographic condition

Isolated parts of palaeco-meander
course formed after meander neck-
cut

Sedimentation over marginal areas
of recent river course during high
flood discharge
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Field description

Seasonal changes in flow pattern and it
depends on the discharge, sediment load
and sediment distribution

Exists in same position and or change
their position, shape and size depending
on the consecutive flood nature

Position, shape and size are changed
depending on the seasonal fluctuation of
hydraulic and sedimentation nature

Erosive marginal part, and nearly stable
and vegetated surface platform

Elongated shaped, grass and mangrove
dominated

Narrow channel bifurcates the mid-
channel bar deposits

Sluggish palaeo-flow path and only active
flow observed during extreme flood event

Degraded and almost abolished

Sluggish or ponding flow path at the
margin of river bed

Exists in the same location and utilized
for cultivable land after removal of sand
from the top layer

Exists in the same position (channel
margin) and or changing its position,
shape and size depending on
sedimentation nature

Exists at the channel margin position

Depression areas at the palaco-flow path
of river

Initially remained as marshy land and
habitat for natural aquatic species and
recently altered into aquaculture farm

Almost entirely occupied by dwellers for
settlement and agricultural purpose

(continued)
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Table 3.2 (continued)
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Positions Morphological Formation process Field description

features
Sediment deposition in the marginal
areas of the palaeo-river course
during peak flood discharge

Meander Imprint of the migration of palaeo- Mostly converted into the agricultural

scrolls (palaeo- river courses land and fisheries by human activities

channels)

Floodplain Overbank sediment deposition in Intensively used for agricultural activities
the extensive low-lying areas on the and human settlement
both sides of the river course

Dune ridge Sand deposits over the beach ridge Parallel elevated dunes occupied by
surface by Aeolian process settlement with orchards and some

natural vegetation

Swale Tidal mud deposits at the interdune  Exists as natural wetlands and mostly
depression areas altered into cultivated areas

Mudflat Tidal flat deposits over the shallow Dominated by the mangroves and salt
marine buffer zone marshes

86°45'E 86°48'E 86°51'E 86°54E 86°57E 87°E .
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. . ead slou, =
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Fig. 3.4 Plan shape geomorphological features of the upper cut and fill valley terrace within the Jamsola—Ragra stretch
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Three mid-channel bars have been observed
within this river stretch. Among these, one is
located in the channel middle position (at Dipa-
pal), and the other two in the channel fringes at
Nayabasan (right bank side) and Hatipata (left
bank side). Initially, the channel fringe mid-
channel bars had remained in the channel middle
positions. But, due to the channel shifting on the
opposite direction (Jana 2019), these bars have
remained in the channel fringe positions. How-
ever, these two bars have been surrounded by the
river flow during the summer monsoon flood
events. The channel bed sand bodies have been
deposited on both sides of the channel active
flow (during lean-phase). The spatial extents of
the sand sheets have been changed depending on
the meandering nature of the flow path, hydraulic
behaviour of flow during flood events and river
bed elevation differences. The seasonal mid-
channel bars have been observed in the middle
positions of the active flow. These bars have
been noticed in the lean-phase of monsoon with
due effects from the low magnitude river flow
regime. The seasonal mid-channel bars have
remained in pseudo nature with their ever-
changing positions and extents.

At the fringe of the river course, the incipient
crevasse channel, chute flow and bars, dead
slough, sand splay, younger and older fill terraces
have been found in the Jamsola—Ragra stretch
(Fig. 3.4). The incipient crevasse channel has
been formed in the Nayabasan bar due to sedi-
ment breaching during the extreme flood event
(Table 3.2). The chute flow has also been
observed in the extreme right bank position of
the Nayabasan bar. Initially, this chute flow path
remained as the active channel flow path. How-
ever, this flow path became gradually inactive
with the leftward channel shifting (Jana 2019).
The chute bars have been observed in the four
different positions, three in the marginal posi-
tions of mid-channel bars and one in the margin
of the scrub dominated younger fill terrace. The
dead slough has formed due to the flow path
shifting from the bank margin to the channel

75

middle position and the remnant flow path con-
verted into the sluggish flow path. Such types of
micro-geomorphic units have been observed at
the five different positions in Jamsola—Ragra
stretch (Fig. 3.4). The sand splay has been found
in the left bank position, just on the opposite side
of scrub dominated younger fill terrace
(Fig. 3.4), which has been formed due to the
sand deposition at the overbank flow regime
during the storm flood events. The younger fill
terraces have been formed with recent sediment
deposits during the flood events. However, the
positions of the fill terraces were remained as the
cut terrace in the near past, which were also
remained as the active flow path of the earlier
river course. The older fill terraces have been
formed in the same process likewise the forma-
tion process of the younger fill terraces. Only the
difference is that the older fill terraces are older
and remained far away from the recent river
course compared to the younger fill terraces. In
this stretch, three types of older fill terraces have
been categorized depending on the vegetation
significance and degradation level (Fig. 3.4).

In the floodplain areas, the backswamp,
younger and older natural levees, meander scrolls
coupled with floodplain have been observed in
the different sections away from the river course
(Fig. 3.4). The backswamp exists in the backside
of the bridge protective embankment structure
(left bank) at Gopiballavpur (Jana 2019). The
younger levees have been formed due to sedi-
ment deposition over the recent channel margin
areas. The older levees have situated corre-
sponding to the meander scrolls, which were
formed due to the sedimentation in the marginal
areas of the palaeo-courses. The overall positions
of the meander scrolls in the Jamsola—Ragra
stretch reveals that the river course has been
migrated on both sides of the recent course.
However, the positions of palaeo-cliffs, existing
meander scrolls and extents of floodplain in this
stretch divulge that the river course has shifted at
a large extent towards the right in compared to
the leftward shifting.
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3.3.3.2 Geomorphological Features
in the Lower Cut and Fill
Valley Terrace

In the lower cut and fill valley terrace of Ragra—
Dantan stretch, similar types of geomorphic
features have been observed as mentioned in the
Jamsola—Ragra stretch, however, the micro-level
diversities have resulted in their forms and
characteristics (Fig. 3.5). Two outstanding mid-
channel bars have been observed near Rohini and
Ragra at the confluence positions of Dulung river
with the mainstream of Subarnarekha river
(Fig. 3.5). The positional extents of the meander
scrolls at the confluence region divulge that this
area remained as a depression like area in the
past. Another mid-channel bar has been situated
at the downstream section of Kulboni and near
Nayagram. The mid-channel bar located near
Rohini is enough elevated and stable, which is
well known as Kodopal. The diversified micro-
geomorphic units of chute flow with chute bars,
dead slough and bar tails have been observed in
the Kodopal. The active river flow has dispersed
along the wide channel bed in the relatively
straight river course. Therefore, a large number
of seasonal mid-channel bars are present that
river stretch compared to the other stretches. The
extended younger fill terrace on the right side of
the recent course reveals that the river is migrated
towards the left at most of the positions. How-
ever, the position of palaeo-cliffs (Fig. 3.1),
meander scrolls and associated older natural
levees and extensions of floodplains (Fig. 3.5)
demonstrate that the river was flowing with a
meandering channel pattern in the past and
gradually straightened its course by the rightward
shifting. The marshy lands have been formed at
the positions of palaeo-courses.

3.3.3.3 Geomorphological Features
in the Deltaplain

The meandering course of the upper deltaplain is
extended within Dantan—Rajghat stretch. This
section is now converted into the ancient delta-
plain (Jana and Paul 2019). The minimum
numbers of geomorphic units have been
observed in this stretch (Fig. 3.6) compared to
the other stretches. The younger fill terraces have

S. Jana and A. K. Paul

remained at the concave meander bends,
whereas, the younger natural levees have been
extensively situated almost in both sides of the
river course. The positions of the meander scrolls
reveal that the palaeo-course was relatively
straight, which gradually follow the meandering
pattern. However, the most complex channel
pattern has been observed in the lower deltaplain
of the Rajghat—Chaumukh stretch (Fig. 3.7). This
river stretch has been associated with the unidi-
rectional and bidirectional flow nature respec-
tively in the upstream and downstream of
Baliapal sections. Though, this entire river
stretch was tide-dominated during 7000-6500
YBP (Paul 2002; Jana and Paul 2020). Almost
similar types of geomorphological features have
remained in this stretch (Fig. 3.7) as observed in
the earlier stretches (Figs. 3.4, 3.5, and 3.6).
However, the mature and immature tidal shoals,
oxbow lakes, dune ridge, swale and mudflat are
the additional geomorphic features in the lower
deltaplain (Fig. 3.7). The tidal shoals have been
formed at the turbidity maximum zones in the
extremely tide-dominated lower course (Paul and
Kamila 2016). The lower elevated immature tidal
shoals have been submerged and emerged
depending on the tidal range, whereas, the
mature shoals have remained emerged and are
significantly covered by saltmarsh and man-
groves. The linear array of dune ridges have
remained coupled with inter-dune swales within
the chenier deltaplain. The elongated mudflat has
been formed in the modern barrier coast of the
Subarnarekha deltaplain (Jana et al. 2014; Jana
and Paul 2019). The existence of oxbow lakes in
the palaco-courses reveals that the river course
was active in the near past (Jana and Paul 2020).
The younger levees and fill terraces have domi-
nated within this entire river stretch. The older
natural levees have been mainly found in the
upper section (Rajghat—Baliapal), whereas, the
older fill terraces in the lower section of Baliapal.
The relative positions of the natural levees and
fill terraces (younger and older), oxbow lakes and
meander scrolls reveal that the river course has
been shifted on both sides in the different sec-
tions. However, the river was shifted at a larger
extent on the leftward (within the Rajghat—



3 Plan Shape Geomorphology of Alluvial Valley ...

e
w$>15

S

22°5'N

Plan shape geomorphological features
M Active channel flow

Mid-channel bar (seasonal)
Mid-channel bar (stable)
“."2 Mid-channel bar (degraded)

22°N
Instream

Mid-channel bar (stable head)
Mid-channel bar (degraded head)
Mid-channel bar (tail)

Kulboni -
*

Channel bed sand bodies (recent deposits)

. Mid-channel bar (degraded inner platform)
= Mid-channel bar (stable inner platform)

Mid-channel bar (tail detached by flow)

* Mid-channel bar tail (lower terrace) £ e
~=" Mid-channel bar tail (upper terrace) o

£r “*" Floodplain ;

:‘% ° Marshy land

) ;
z = Younger natural levee !
© 2| ® T Older natural levee 0 3 6 ?

BN — g

= Meander scroll km

77
) L)
87°10'E 87°15'E
[ Incepient crevasse channel
9 Chute flow
§ Chute bar
' g Dead slough
'E Dead slough at low flow
S Younger fill terrace
.éﬁ Younger fill terrace (detached by flow
= Older fill terrace

= Older fill terrace (with bank)

Nayagram:..§
agran:;

Fig. 3.5 Plan shape geomorphological features of the lower cut and fill valley terrace within the Ragra—Dantan stretch

Baliapal section), both sides at a similar trend
(near Baliapal) and rightward (near upstream of
Chaumukh) depending on the hydrodynamic
nature coupled with the river geometry. Also, the
pattern and positions of dune ridges on both sides

of the river course (straight and curved ridge
cutting) reveals that initially, the river was
flowing in a straight course at the downstream of
Baliapal, whereas, it was continuously migrating
rightward and ensured the meandering flow path
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Fig. 3.6 Plan shape geomorphological features of the upper deltaplain within the Dantan—Rajghat stretch
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Fig. 3.7 Plan shape geomorphological features of the lower deltaplain within the Rajghat-Chaumukh stretch

in the extreme right bank position. However, the
existence of fill terraces in both banks coupled
with tidal shoals within the present river course
reveals that the river width has been shrunk
through maintaining the hydrodynamic adjust-
ments associated with the fluctuating sea level.

3.3.4 Morphology of Mid-Channel
bar

Just after the Jamsola gorge section, the channel
width has increased from 160 m to 2384 m
within 2 km river stretch (Figs. 3.4 and 3.8a).
The largest (2.38 km?) mid-channel bar (sur-
rounded by the mid-channel sand bodies) has
been formed at Dipapal with due effects from the
abrupt diminution of hydraulic energy in the
extensive river course. However, the entire bar is
not in a stable form and it has been categorized in
five different platforms (bar head, chute bar, bar
tail, degraded inner bar platform and stable bar

platform) depending on the elevation differences
and surface expressions of degradation level
(Fig. 3.8a). This bar is about 8.5 m elevated from
the surrounding river bed. The river flow is
bifurcated and it again converged in a single flow
in this section. Another significant mid-channel
bar (older) has been observed at Nayabasan
(right bank side) covering an area of 2.13 km?®
(Figs. 3.4, and 3.8b). The maximum height of
this bar is about 6.75 m in respect to the local
river bed. The distinctive geomorphological
features of stable inner bar platform, degraded
bar platform, stable bar head, chute bar, boulder
dominated bar head, bar tail coupled with
incipient crevasse channel, dead slough and
chute flow path have been found in this section
(Fig. 3.8b). The chute flow path initially
remained as the main flow path of the active
channel. However, recently, flood water can
enter within this path only during extreme flood
events. During the high magnitude flood events,
the river carried boulders have deposited in the
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marginal areas of the bar. The chute bar has been
formed due to erosion of the mid-channel bar.
The inner bar platform has remained in stable
condition covered by scattered vegetations,
whereas, the outer bar platform has been gradu-
ally degraded with due effects from the intensive
sand mining from the marginal river bed (Jana
2019). The other mid-channel bar has been sit-
uated at Kodopal, which is covered about 1.90
km? area and the upper bar platform remains in
7 m height from the local river bed (Fig. 3.8c).
The stable bar head and inner bar platform, bar
tail, degraded bar tail (upper and lower terrace),
chute bar and dead slough (at low flow) are the
micro-level geomorphic features observed in the
mid-channel bar section of the Kodopal
(Fig. 3.8c). This bar has been formed with due
effects from the combined river discharge and
sediment load in the straight and wide river
course followed by the relatively curved and
narrow course in the downstream section. The

voluminous load (water and sediment) might not
able to easily drain to the downstream river
stretch. Therefore, the lag deposit was responsi-
ble for the formation of the mid-channel bar at
that position.

3.4 Sedimentary Stratigraphy
and Depositional Environments

The sedimentary depositional environments of a
landform can be evaluated through the analysis
of sedimentary characteristics (Jana and Paul
2020). In this concern, the lithostratigraphic
characteristics of three different landforms have
been assessed considering the layer-wise diver-
sities of depth (thickness), material types, mean
grain-size, mode, sorting, skewness and kurtosis.
The sedimentary profile has been excavated up to
the 3.58 m.bgl (below ground level) in the
channel margin younger fill terrace at Dharmapur
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Fig. 3.8 Morphological diversities of the different mid-channel bars situated (a) at Dipapal, in the downstream section
of Jamsola, (b) at Nayabasan near Gopiballavpur, and (c) at Kodopal near Rohini
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(Fig. 3.4, Table 3.3). The sedimentary profile of
the older mid-channel bar has been excavated up
to 1.93 mbgl at Nayabasan (Fig. 3.4 and
Table 3.4), whereas, the sedimentary character-
istic has been recorded from the 6.11 m thick
exposed profile of mid-channel bar at Saherbazar
(Fig. 3.6, and Table 3.5). The lithostratigraphic
characteristics reveal that the different natures of
fluvial environments were effective during the
sediment deposition in the distinctive layers
(Jana and Paul 2020). Within the three profiles,
the material types coupled with the mean grain-
size varies from the very coarse sand (with
gravels) to clay types, which indicates the very
high to very low energy environments. More-
over, the trends of discharge (water and sedi-
ment) and energy level coupled with the
fluctuating flow regimes have been elucidated
through the nature of mode, sorting, skewness
and kurtosis (Jana and Paul 2020). The unimodal
type of sedimentary characteristics indicates the
steady flow of a single flood event, whereas,
bimodal nature is characterized by two or more
flood events or can be a repetitive fluctuating
energy level in a single flood event. The well
sorted sedimentary nature reveals the mixed
energy environment, whereas, sedimentary nat-
ure tends toward well unsorted is deposited by
the steady fluvial energy (high or low) environ-
ment. Moreover, the higher mean grain-size with
well unsorted (poorly sorted) sediment demon-
strates the high energy environment, while, the
well unsorted with lower mean grain-size exhi-
bits the low energy environment during deposi-
tion. The sedimentary deposits resulted with
coarse (positive) skewed indicates the enhanced
high energy environment followed by continuous
receding energy level. The fine (negative)
skewness shows a gradual increase in energy
level, which rapidly reduced after achieve the
peak level, whereas, the symmetrical skewed
reveals a similar trend in the rise and fall of flow
regime. The leptokurtic type of sedimentary
nature conveys the high energy peak discharge,
which becomes mesokurtic to platykurtic nature
with reducing discharge and energy level during
sediment deposition.
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The 3.58 m thick younger fill terrace has been
composed of twelve distinct sedimentary layers
coupled with diversified sedimentological prop-
erties (Table 3.3). Based on the response of the
local people it is clear that this fill terrace has
been formed after the flood event of 1971, which
reveals the fill terrace is 45 years old (as in
2015). The material types of these layers have
been composed of different mean grain-size
material of sands and silts. Very coarse silt
(60 pm) and coarse silt (28 um) has been found
respectively in the 2nd and 3rd layers those were
deposited in the low energy and high flow regime
as a lag deposit. Such type of depositional
environment is supported by the nature of mode
(unimodal), sorting (moderately sorted), skew-
ness (symmetrical-coarse) and Kkurtosis (very
leptokurtic—leptokurtic) (Table 3.3). The 6th, 8th,
10th and 11th layers have been resulted with
bimodal and well—moderately well sorted sedi-
mentary nature, which indicates that these layers
were deposited either in the two or more flood
events or by the repetitive fluctuating energy
level of a single flood event. The layer-wise
depositional environment has been assessed in
supports of the nature of skewness and kurtosis.
In the 6th layer, sediments were deposited with
the effects of moderate energy level which was
enhanced up to the high level at the end of the
flood event. The 8th layer was deposited initially
in the increasing energy level, and it was rapidly
reducing after achieved the peak discharge and
energy level. The 10th layer was deposited with
the fluctuating trend of flow regime dominated by
high energy peak discharge. The fluctuating flow
regime with reducing discharge and energy level
was acting during the deposition of sediments in
the 11th layer.

In the excavated profile of older mid-channel
bar, twelve distinct sedimentary layers have been
characterized by very coarse silt (61 pm)—very
coarse sand (1512 um), although, 1.52-2.75 cm
diameter gravels have been observed in 12th
layer (Table 3.4). The gravels dominated by very
coarse sand (12th layer) was deposited under the
very high energy steady flow which was dimin-
ishing after achieved the peak regime. The 11th
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layer was deposited with due effects of reducing
energy and flow regime, which again enhanced
during the deposition of the 10th layer. Also, the
9th layer might be deposited at the same flood
event corresponding to the sedimentation in 10th
layer, although, during sediment deposition in
the 9th layer, the energy level gradually reduced
after achieving the peak level. The river carried
silt and very fine sand-size materials during the
first flood event (Jana and Paul 2019). Therefore,
the 8th layer was deposited in a different flood
event in the successive year, which was charac-
terized by the voluminous discharge coupled
with the high regime and moderate energy level.
The 7th layer was also deposited at the end of
this flood event associated with a steady and
moderate flow energy environment. The 6th to
top (1st) layers were deposited in a different flood
year with fluctuating energy and flow regimes.
The sedimentary profile of mid-channel bar
(at Saherbazar) has been situated in the wide
(910 m) river course, which has swiftly reduced
to 350 m at Militaribazar bridge and 250 m at
Rajghat bridge only within 2.5 km and
7.5 kmdownstream section, respectively. In the
downstream section (older deltaplain) such kind
of channel dimension is responsible for clay—
medium sand types of material deposition in the
six diversified sedimentary layers within 6.11 m
elevated bar (compared to local river bed)
(Table 3.5). The medium—fine sand (254 pum)
was deposited at the bottom layer under the
moderately steady energy condition which was
reduced at the end of the flood event. The silt—
clay type materials in the 4th layer (0.86 m thick)
were deposited with voluminous sediment loaded
low energy steady flow energy environment. In
the 4th layer, fine sands were deposited in a
separate flood event characterized by moderate
energy steady enhancing followed by continuous
receding energy environment. The silt was
deposited in the 3rd layer under the dominance of
low energy and firmly reducing flow regime. The
medium—fine sand-size materials (in 2nd layer)
were deposited in two different flood events
under moderate-high energy fluctuating flow
regimes. The top layer (silt-very fine sand) was
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formed with due effects from the mixed energy
fluctuating flow regime of a single flood event.
The top layer was deposited during 1978 and
after that flood level was unable to inundate the
stable platform of the bar. About 1.0-1.5 m
diameter tree logs have been observed over the
bar surface, which assists to predict the age of the
bar. Local people are also confirmed that the bar
has been formed about 25 years ago (as in 2015).

3.5 Conclusion

The present study area of the middle-lower and
deltaic courses of the Subarnarekha river repre-
sent a significant sediment sink. A large amount
of sand size sediments is derived from the upper
catchment area dominated by weathered granites
and gneissic terrain of the Chotanagpur plateau.
The depositional environments of the study area
represent high fluvial influx in the three sections
of the channel reaches from Jamsola to Ragra,
Ragra to Dantan, and Dantan to Rajghat. How-
ever, the assemblages of landforms, geometry of
the channel reach and sediment characteristics of
the downstream section indicate the role of
concomitant sea level fluctuations in the modifi-
cation of sedimentary depositional environment.
The plan shape geomorphology, properties of
channel geometry, sediment texture and strati-
graphic sections of the river valley alluviums,
morphology of the mid-channel bars, and palaeo-
shorelines of the deltaic section reveal the pres-
ence of very distinct depositional sub-
environments along the present course of the
Subarnarekha river from Jamsola to Chaumukh.
The study also highlights the role of energy level
fluctuations of the river flow since the Late
Pleistocene to Early Holocene period, and con-
tinuous adjustment of the channel course since
Early-Late Holocene period with the base level
changes resulted from marine transgression,
regression and stillstand phases. The presence of
valley cuts, fluvial and marine terraces also
indicate the role of neotectonics in the modifi-
cations of bank margin environment of the river
valley.
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Rameswar Mukherjee

Abstract

The present study explores the use of channel
planform and meander bend parameters quan-
titatively analyse the spatio-temporal variations
of the river channel morphology. The study was
undertaken on ~ 37 km reach of the Ram-
ganga river over the period of 91 years (1923—
2014) based on topographical map (1923) and
satellite images (1972, 1981, 1993, 2003,
2014). All the map data were put into GIS in
order to evaluatethespatio-temporal changes of
the chosen parameters. For assessing channel
planform dynamics, widely recognised param-
eters viz. active channel width; active channel
total channel width ratio; channel length;
channel sinuosity; active channel area; channel
belt area; active channel area channel belt area
ratio; sandbar number and types; sandbar area
active channel area ratio was utilized. For
examining the meander bend evolution, bend
radius, width, bend curvature channel width
ratio, amplitude, wavelength, length of the
bend and sinuosity was considered. The study
revealed that all the planform and bend param-
eters underwent significant modification over
the assessed periods. It expressed that the
channel was laterally unstable. Within decadal
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scale it also showed remarkable variations. The
analysis showed that the channel narrowing
phenomenon was prevalent throughout the
assessed period. The tendency of channel
braiding increased substantially. The most of
the meander bends of the Ramganga river in
this study reach did not get enough time to
grow. The cut off and lateral migration of the
channel largely hampered the bend growth for
the 60% of the total assessed bends. Moreover,
few high-curvature meander bends were per-
sisted in each assessed period due to some local
resistance.

Keywords

Channel planform + Meander bend -
Centreline migration + Bank line migration -
Western Gangetic Plain

4.1 Introduction

The natural rivers maintain the state of equilib-
rium with its existing channel form through
space and time (Leopold and Wolman 1957).
This condition is achieved by a river when a
balance between water and sediment discharge
exists with available energy. This equilibrium
may break due to change among the factors that
enforced on the channel morphology (indepen-
dent variables) with those that are adjusted with
enforced condition (dependent variables)
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(Schumm 1981; Hogan and Luzi 2010; Ghimire
2020). Whenever this condition arises, it drives
to channel instability resulting in marked chan-
ges in the planform morphology. The spatio-
temporal variations of channel planform occur
due to adjustment of the internal geometry of the
channel viz. channel width, depth, slope and
meander form (Knighton 1984). The adjustment
mechanism includes the channel erosion and
deposition, change in slope and movement of the
channel bed materials (Schumm 1981; Morisawa
1985; Nanson and Knighton 1996; Montgomery
and Buffington 1997). Hooke (1977) identified
two types of channel planform adjustment. The
first occurs where the channel is in the state of
dynamic equilibrium, translates downstream but
maintains the channel planform. But in dynamic
non-equilibrium state, the changes in various
channel parameters and hydraulic geometry
attributes drive major changes in the channel
planform.

Meandering planform is a major subject
research in fluvial geomorphology because of its
picturesque form, ubiquitous distribution of form,
its spatio-temporal dynamics and its practical
consequences (Hooke 1977, 2003, 2007). The
knowledge of meander is very important for
understanding the natural dynamics of fluvial
systems, also for planning, engineering con-
structions, conservation and restoration of the
channel (Hooke and Yorke 2010). Meandering
rivers in unconfined alluvial reaches are highly
mobile. Although, the rate or scale of change in
meandering are varying widely across the world,
wherever the rate of change in meander mor-
phology and its downstream migration is higher
in propensity, it causes huge practical concern for
the geomorphologists, river engineer and
planners.

For understanding the pattern of planform
dynamics and also to predict the future change,
one has to consider the past histories of the river
(Winterbottom 2000). The availability of the
aerial photographs, satellite images provide a
historical perspective for studying present-day
fluvial processes as well to predict the pattern of
channel planform change (Petts 1989; Trimble
and Cooke 1991; Gurnell et al. 1994; Gurnell
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1997). It provides ample visual information on
channel planform. But these data are available
only for around the last 60 years. Although, few
topographic maps, survey maps, charts exist for
the last 300 years in the world, which can be
useful for further detail understanding of river
dynamics. But these maps or charts are available
at wide range of intervals (mostly >50 years).
Hence, sequential change in decadal or annual
range cannot be attributed.

The channel planform study involves quan-
tification of planform parameter and assessment
of the spatio-temporal variation. Various studies
also address the role of determining factors in
planform dynamics (Anderson and Calver 1980;
Hooke and Redmond 1992). Within a short time
period, the variations of discharge and stream
power are considered as potent causal factors for
channel planform modification (Lewin 1983;
Hickin and Nanson 1984).

Most of the present-day channels have been
attributed dramatic planform variation due to
climate change (Ashmore and Church 2001;
Feng et al. 2011; Chang 2008; Kiss and Blanka
2012) and anthropogenic disturbances like land
use change (Karwan et al. 2001; Ghimire and
Higaki 2015), construction of dam (Williams and
Wolman 1984; Surian 1999; Grant et al., 2003;
Vorosmarty et al. 2003; Yang et al. 2014), sand
and gravel mining (Wishart et al. 2008).

The channel planform of the rivers of the
Gangetic Plain is highly dynamic. The substan-
tial changes in the planform occur by adjusting
channel width, deposition of bar, bank erosion in
response to the varying discharge and sediment
load. A limited number of in-depth study was
conducted in the Western Gangetic Plain rivers
(e.g. Sinha et al. 2005; Roy 2009; Bawa et al.
2014; Khan et al. 2018; Yunus et al. 2019;
Agnihotri et al. 2020) examining the changes in
the channel planform. Hence, in the present
paper, an attempt has been made to evaluate
channel planform dynamics and evolution of the
meander bends over the period of 91 years on the
selected stretch of the lower Ramganga river,
flowing in the Western Gangetic Plain. In this
region, the Ramganga river is flowing in
unconfined reach thus it is free to laterally adjust
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its channel size and morphology due to variable
sediment flux and water discharge. It causes
severe damages to the land, people, properties,
local infrastructures and effectually hinders the
growth of this region. Therefore, it is necessary
to understand the nature of planform dynamics
and plausible causes of that which would be
effective for the river planning and management.
The objectives of this study are (i) to quantita-
tively assess the dynamics of various chosen
parameters of the channel planform (ii) to eval-
uate meander bend bend evolution of the river
(iii) to explore the causative factors of channel
planform dynamics and mechanisms of meander
bend evolution.

4.2 Study Area

The Ramganga river is the first major tributary of
Ganga river that joins in the Indo-Gangetic plain.
The total catchment area of the Ramganga basin
is 30635.1 km®. The Ramganga river flows
through the bedrock and alluvial reaches, origi-
nates from the Lesser Himalaya over the Dud-
hatoli Crystalline Formation at an elevation of
2926 m ASL near Gairsain of Chamoli District,
Uttarakhand (Mukherjee et al. 2017). The total
length of this river is ~649.11 km, out of
which ~167.91 km is in the Himalaya
and ~481.2 km in the Western Gangetic Plain.
A dam was constructed on Ramganga river along
the foothill of Himalaya at Kalagarh, Uttarak-
hand. It had been functioning properly since
1974. The present study reach is loacted in
Western Gangetic Plain locally known as
Rohilkhand Plain (Fig. 4.1). Here, the Ramganga
river is notorious for frequent migration of
channel. The presence of meander scar and series
of swale and ridges demonstrate horizontal
instability of the meander bends of the river.
Besides, a wide number of abandoned channels,
chute channels, palacochannels provide ample
shreds of evidence for frequent migration of the
Ramganga river. The channel pattern alternates
between single-thread meandering to partly
braided types. The river gradient is relatively

higher than the major rivers of Eastern Gangetic
Plain. The river is also characterized by higher
stream power (Sinha et al. 2005).

According to Koppen’s climatic classification,
the present study reach falls under Cwg types of
climate. It is characterized by dry winter. More
than 80% of rainfall happens during monsoon
season (June to September). This region receives
around 160-180 cm rainfall annually. In summer,
the temperature rises more than 40 °C, while in
winter, it goes below 10 °C. The geological for-
mation of the Rohilkhand Plain comprises of
Varanasi older alluvium, Ramganga terrace allu-
vium and Ramganga recent alluvium (Khan and
Rawat 1992). The Ramganga recent alluvium is
formed by the river-borne sediments of recent
origin lying adjacent to the present course of the
Ramganga river (Fig. 4.2). This unit is largely
reworked by the recurring floods. The Ramganga
terrace alluvium is associated with older flood-
plain and upland terrace surface. As it is located
well above the present channel floor (>6 m), soitis
only inundated during episodic mega flood events.
Here, the concentration of clayey-silt soil along
with calcium-rich kankar is high. Varanasi older
alluvium is found in upland terrace surface and
sandy alluvial ridges are locally known as Bhur.
The Bhur is formed over the abandoned courses of
the Ramganga river (Shrivastava et al. 2000).

The fluvial regime of the Ramganga river is
largely controlled by the monsoon climate. In the
monsoon season, a large amount of precipitation
is received in the Ramganga watershed that
caused an exceptionally higher amount of water
discharge. Apart from water discharge season, no
such significant variation in the discharge is
witnessed.

The monthly average discharge data (2003-
2012) of the Ramganga river for Dabri gauging
station, Shahjahanpur, Uttar Pradesh has been
displayed in Fig. 4.3. The discharge rises from
July and peaks in September and then starts to
decline from October. High monthly discharge is
recorded from July to October. November to
June is designated as the period of low monthly
discharge. The months of August and September
register as an exceptionally higher amount of



classified into three categories: Khadar; Bhan-
gar; and Bhur. The Khadar soil occupies active
floodplain zone. The texture of the soil is sandy
to siltyloam. The Bhangar soil is found in the
older flood plain, upland terrace surface and
interfluve zone. The soil profile is quite mature
and composed of sandy loam to clayey-silt tex-
ture. The Bhur is formed by the deposition of
large amount of sand, highly localized along the
Ramganga river tract.
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Fig. 4.1 Study area
water discharge. The bank full discharge of the
Ramganga is documented as 665 m’/s. The mean 4.3 Database and Methodology
annual discharge is estimated as 3050 m>/s. The .
river bears 5.09 mt sediment load annually (Roy 4-3.1 Data Acquisition
and Sinha 2007).
Locally, the soil of the study reach can be Georeferenced and precisely orthorectified

Landsat data were downloaded from Landsat
look viewer website (Table 4.1). Landsat data
were georeferenced with the following
parameters:

Projection Type: Universal Transverse Mer-
cator (UTM).

Spheroid Name: WGS 84.

Datum Name: WGS 84.

The study area falls under UTM Zone 44.
Whole study reach has been covered in single
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Fig. 4.2 Geomorphological
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scene of Landsat data, whose path and row are
145/41 (for 2014, 2003 and 1993 Images) and
155/41 (for 1972 and 1981 images).

4.3.2 Image Processing

The Landsat-MSS images of 1972 and 1981
were rescaled into 30 m, by using resample
operation in ERDAS-IMAGINE 2014 Software
to maintain uniformity in spatial resolution
among all the satellite images used for the pre-
sent study. The Topographical Sheet (NG 44-2)

published by US Army Map Service was geo-
referenced by following the same parameters as
used for Landsat Satellite Images.

4.3.3 Channel Planform Parameters

Overall, nine variables were used for character-
izing planform dynamics of the Ramganga river:
Active channel width; active channel total
channel width ratio; length; channel sinuosity;
active channel area; channel belt area; active
channel area channel belt area ratio; sandbar
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Fig. 4.3 Average Monthly Water Discharge (2003-2012) of the Ramganga river at Dabri Gauging Station

Table 4.1 Data used in the study

Data type Satellite- Date (mm. dd. Spatial resolution Source
sensor/Map No. year) (m) or scale
Remote sensing Landsat-MSS 2/19/1972 79 USGS
Images Landsat-MSS 1/15/1981 79 USGS
Landsat-TM 2/22/1993 30 USGS
Landsat-ETM 2/27/2003 30 USGS
Landsat 8-OLI 2/9/2014 30 USGS
Topographical NG 44-2 1922-1923 1:2,50,000 Series U502, US Army
Maps (Surveyed) Map Service
1955
(Published)

number and types; sandbar area active channel MNDWI = (pgreen — Pswir)/ (Preen + Pswir)
area ratio. For showing lateral migration of the e e (4.1)

channel, the channel centreline migration and
bank line migration were assessed.

For determining the active channel width, the
total extent of wetted channel from a particular
point was considered. For the images of Landsat
series, the MNDWI was applied for extracting
channel area by using the following formula:

where pPgreen; Pswir are the reflectance of
green and shortwave infrared bands, respectively.
Then, the active channel width had been
measured through transects lying at an interval of
1 km. The active channel total channel width
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ratio (ACTCWR) had been calculated transect
wise by dividing active and total channel width.
The total channel width was calculated by mea-
suring orthogonal distance between both sides of
the banks along the transects. The total length of
the channel centreline was taken into considera-
tion for determining the channel length. The
sinuosity of the Ramganga channel was calcu-
lated in Arc GIS 10.1 by using the following
equation:

CS=CL/VL (4.2)

where CS = channel sinuosity

CL = distance between two points along the
channel centreline

VL =
points.

The sinuosity of the channel was calculated
by dividing total channel length of the study
reach to the straight line distance of both the ends
of the channel. To show the spatial variation of
CS within the reach, equispaced section lines
were drawn at an interval of 3 km.

The braiding index was calculated by using
the formula of Brice (1964):

straight line distance between two

. Total length of the bar
Braiding Index (BI) = Length of the reach

(4.3)

The active channel area (ACA) was calculated
from Landsat images by extracting water pixels
through MNDWI method. After that, these pixels
were converted to polygon, and ACA was mea-
sured by using calculate geometry command in
Arc GIS. For 1923 top sheets, the channel area
was digitized manually. The channel belt area
was marked digitally by observing the extent of
river channel dynamics within a valley. In this
study, the channel belt area had been demarcated
by tracing abandoned channels, meander scars
and tracts of palaeochannels. The Centreline was
drawn by joining the midpoint of active channel
width lying at an interval of 50 m from each
other. After the superimposition of the centreli-
nes of the successive years, the lateral deviations
between them were marked by polygons. After

that, the area and perimeter of the polygons were
calculated using following formula of Micheli
and Larsen (2011):

Mean lateral change = Area/Half Perimeter
(4.4)

4.3.4 Delineation of Bank Lines

The frequent shifting of the Ramganga river
created difficulties in the bank line delineation.
Although numerous automated bank line
extraction methods are available, but those did
not provide reliable results for frequently
migrating channels. The problem became more
critical along the region where the bank accretion
predominated. Because spectral reflectance of
riverine tracts near the bank of those channels is
quite similar. Hence, field knowledge of the
expert was necessary to delineate the banks. In
the present study, manual digitization was done
after conducting several fieldworks. For digitiz-
ing bank lines from the topographical map, the
task became quite easy because all the banks
were marked on the topo sheets.

4.3.5 Determining Bank Line
Migration

To trace out the bank line migration at spatio-
temporal scale, 37 transects were drawn at an
interval of 500 m. All the transects were drawn
parallel to each other. The shifting distance of the
bank line was marked from each transect. The
westernmost point of each transect was taken as a
reference point for determining the bank line
migration.

4.3.6 Meander Bend Morphology

For evaluating meander bend morphology, bend
radius, width, bend curvature channel width
width ratio, amplitude, wavelength, length of the
bend and sinuosity were considered (Fig. 4.4).
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For extracting meander bend parameters, the
channel centreline and bank lines were digitized,
and each meander bend were distinguished.
Temporal as well as spatial changes were marked
for each meander bend. The morphological
changes of the bends were identified based on
Hooke’s models (1984,1995, 2003) (Fig. 4.5).

For analysing the spatio-temporal variations
of the meander bends, the morphometric
parameters of meander bend viz. radius, width,
bend curvature channel width ratio, amplitude,
length, wavelength and sinuosity were taken into
consideration. The actual, maximum, mean,
percentage change, as well as coefficient of
variation (CV) of each bend parameter were
calculated to show the pattern of spatial and
temporal change.

4.4 Result

The sequential changes of the the channel plan-
form of the Ramganga river can be observed in
Fig. 4.6. Over the assessed period, increasing
tendency of braiding was noticed. However, the
channel also contained several well-developed
meander bends that can be observed in each of

the assessed period. Here, the river designated
the characteristics of the partly braided channel.

4.4.1 Active Channel Width (ACW)

The active channel of a river refers to the portion
of a river whereby the consistent flow of water
occurs. The highest mean ACW (331.9 m) was
observed in 1923, but it decreased considerably
in the subsequent periods. The maximum
reduction in ACW was noted in 1981-1993
period (—38.37%). Over the assessed periods, the
coefficient of variation (CV) of ACW showed a
scarce difference, suggesting a lower rate of
spatial variation.

4.4.2 Active Channel Total Channel
Width Ratio (ACTCWR)

It is a very important parameter for characterizing
a channel, specifically to recognize whether the
channel is aggrading or degrading or transport-
dominated. The lower value of this ratio indicates
lack of discharge within a channel creating lower
channel competence. Therefore, the channel



4 Quantitative Assessment of Channel Planform Dynamics ... 97

SIMPLE TYPES

Fa VAW L WA AR

Increase Decrease Upstream Downstream Upstream Downstream

Extension Translation Rotation
A F g TN
- A A L} = b

Increase Decrease  Left Right

Expansion Lateral movement Irregular changes

DOUBLE COMBINATIONS

Extension and Translation

VAR AU AN AN

Extension and Rotation

A AL S

Extension and Expansion

Translation and Rotation

- =~
i R g‘\ e\ el
ot ~ -7 < - i A P,

Translation and Expansion

Rotation and Expansion

TRIPLE COMBINATIONS

- I\ ’1 l"“
A ‘l A
é!\t
- [ -
4 Y
A} -
rd p - -

Extension, Translation and Rotation
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aggradation can be observed within the channel.
The higher value (close to 1) suggests that the
river utilizes its whole channel area for main-
taining the flow. This situation may arise during
bankfull stage of the river or in a transport-
dominated channel.

The mean value of ACTCWR showed some
notable decrease in 1923-1972 (Fig. 4.7). How-
ever, in the succeeding periods, no specific
changes in ACTCWR were experienced. On the
other hand, the spatial variation of this ratio
became more prominent over the studied period.
The CV of the ACTCWR ranged from 0.51
(1993) to 0.424 (2003).

4.4.3 Channel Length (CL)

The channel length (CL) refers to the longitudi-
nal distance of the channel between any two

points. The channel length varies temporally as
well as spatially in the downstream direction. It
increases with the increasing curvature of the
channel. In contrast, when the river straightens its
course through cut off, the length of the channel
declines. The avulsion of the river course in the
alluvial reach also causes significant variation in
the channel length.

In the present study, the highest channel
length was observed in 1923 (40.97 km) but it
showed remarkable decrease in the subsequent
periods (Fig. 4.7a). In 1923, the Ramganga
channel exhibited a highly meandering course.
Therefore, the channel length became maximum
than other assessed periods. In 1972, the channel
was straightened by cut off, although several new
meander bends were also evolved herewith
resulting 10.01 km reduction in the CL. During
1923-2014, it decreased by 5.8 km at the rate of
61.37 m/year. Within the decadal time scale,
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significant reduction in the length of the course
was observed in 1993-2003 (2.988 km), whereas
substantial increase in CL (3.72 km) was noted
in 2003-2014 as a consequence of complex
evolution of the meander bend. The CL
decreased sharply (—3.19 km) during 1981-1993
while a remarkable increase in CL (6.73 km) was
registered in 1993-2014.

4.4.4 Channel Sinuosity (CS)

The natural river has an inherent tendency to
flow in a curved path. The Ramganga river here
exhibits a meandering course. The channel sin-
uosity of this reach remained remarkably higher
in 1923 (2.26). Throughout the period of obser-
vation, it reduced by -15.32%. The channel sin-
uosity drastically subdued (—23.91%) in 1923—

1972. The similar trend was continued up to
1981-1993. Since 1993, a considerable increase
in CS was experienced. As a result of that, the
CS reached to 1.92 in 2014 (Fig. 4.7b).

Along all the sections, the fluctuations in CS
were convincingly consistent. The coefficient of
variation was maximum for Sect. 4.6 (0.42),
followed by Sect. 4.2 (0.41). It was minimal for
Sect. 4.5 (0.22).

4.4.5 Braiding Index (BI)

This index is used to designate the channel pat-
tern. It is a very useful parameter to recognize the
nature of braiding of a channel. The significant
increase in BI was observed between 1923 and
1972 (51.63%). In this period, the river trans-
formed from partly braided to the moderately
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Fig. 4.7 Depicts dynamics of Channel planform parameters: (a) channel length; (b) sinuosity; (¢) braiding index;
(d) channel area; (e) channel belt area; (f) CACBA ratio; (g) SAACA ratio

braided. During 1972—1993, it also exhibited the
attributes of moderately braided streams. How-
ever, in 2003-2014, the BI value indicated
higher braiding intensity of the channel. The BI
depicted a remarkable increase (82.45%) during
the period of 1923-2014 (Fig. 4.7¢).

4.4.6 Active Channel Area (ACA)

It refers to the total area of a channel that comes
under the region of consistent water flow. Over
the assessed periods, the active channel area
contracted by —62.51%. Since 1923 to 1993, the
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ACA contracted persistently, however in 1993—
2003, a little increment was noted (20.53%).
Although in the subsequent period, it
decreased significantly (Fig. 4.7d). The most
notable change in CBA was witnessed in 1981—
1993 (—45.12%).

4.4.7 Channel Belt Area (CBA)

It is denoted by the area of overall lateral
extension of the river channel within a valley
floor. Since 1923, the Channel Belt Area had
been increasing (Fig. 4.7e). It indicated lateral
instability of the channel. In 1923, the CBA was
13, 66, 91,466.79 m? but it increased up to 16,
99, 74,902.46 m” in 2014. Throughout assessed
periods, the CBA increased by 24.35%. How-
ever, decadal variations of the CBA were not so
prominent.

4.4.8 Active Channel Area-Channel
Belt Ratio (ACACBR)

The ACACBR expresses the proportion of total
channel belt area inundated by continuous stream
flow which discourages the active presence of the
vegetation. Since 1923-2014 period, the
ACACBR decreased by —70.49% (Fig. 4.71).
Not only this, the variation of ACACBR was also
sharp. The highest value of this ratio was noted
in 1923 (0.50), while it was lowest in 2014
(0.15). This observation revealed that the channel
narrowing phenomenon had been increased
throughout the assessed periods. The most
remarkable temporal variations of this ratio were
observed in 1981-1993 (—45.69%) followed by
1923-1972 (=33.40%). The only positive change
was noted in 1993-2003 (20.07%).

44,9 Sandbar Number and Types

In all the evaluated periods, significant variation
in the sand bar area was noticed. During 1923—
1972, the area of the sandbar increased by
49.22%. On the other hand, in 1972-1981, it

R. Mukherjee

decreased by -33.50%. In 1923, the scroll bars
only occupied around 58.55% to the total sand
bar area (Table 4.2). In 1972, one large-sized
concave bar was formed which accounted for
22.47% of the total sandbar area. Although the
number of sandbar remained same in 1923 and
1972, the sand bar area increased. During 1981—
1993, the total sand bar area increased by
35.94%. In 1993, three large-sized scroll bars
were formed incorporating 43.66% of total
area. Around 54.30% area was covered by point
and sidebars. The number of sand bar increased
from eighteen (1981) to thirty-one (1993).
Several new mid-channel bars were formed
that aggravated the total number of the sand bar
in 1993.

The number of sand bar increased again in
2003, although the area of the sand bar decreased
by -14.95%. The point bar and scroll bar occu-
pied around 78.32% of the total sand bar area. In
2014, five scroll bars formed covering 45.61% of
the total sand bar area.

4.4.10 Sandbar Area Active Channel
Area Ratio (SAACAR)

It is defined as the ratio between total sandbar
area and total channel area. It expresses the
channel contraction or expansion as well as the
pattern of channel aggradation. Along this reach,
the channel area became higher than the sandbar
area only in 1923 (0.81). The highest value of
this ratio was observed in 1993 (2.77) (Fig. 4.7
g). From this period, a dramatic increase in the
sandbar area was observed. As a result of that,
degree of braiding in the channel increased
manifolds.

4.4.11 Channel Centreline Migration

In this reach, the maximum annual centreline
migration was noted in 1972—-1981 with the rate
of 42.96 m/year. It was followed by 1993-2203
(31.94 m/year). The considerably lower rate of
centreline migration (~ 12.0 m/year) was regis-
tered in 1923-1972 and 1972-2014. Nonetheless,
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on the decadal scale, the annual rate of migration
was appreciably higher. During 1982-1993 and
2003-2014, the channel centreline migration
remained ~25.0 m/year (Fig. 4.8).

4.4.12 Bank Line Migration

During 1923-1972, the trend of eastward
migration of both of the banks was quite evident
(Figs. 4.9 and 4.10). The average eastward
shifting of the left and right bank was recorded as
28.41 m/year and 34.26 m/year, respectively. In
the same period, the average annual westward
migration of the right bank also became higher
than the left bank (1.51 times). In 19721981, the
average annual westward migration rate
increased momentously than the preceding per-
iod. In the same period, the average annual
westward migration of the right and left bank
accounted for 122.94 m/year and 143.96 m/year,

R. Mukherjee

respectively. The maximum limit of the west-
ward migration recorded as 3,020.42 m for the
right and 3,808.056 m for the left bank. The
eastward extension of the right bank was also
pronounced (139.94 m/year) but for the left bank
it was quite lower.

The maximum migration of the right and the
left bank was registered 5,314.51 m and
1,582.05 m, respectively. In the period of 1981—
1993, the rate of westward bank line migration
reduced significantly, and the rate was also
declined for eastward migration of the right bank.
In this period, the average rate of eastward
migration was higher (2.46 times) as opposed to
the westward migration of the right bank. In the
left bank, the pattern of migration along both
sides was quite similar. In 1993-2003, the
westward migration of the right bank showed
quite significant increase.

At the same time, the average eastward
migration of the left bank showed remarkable

CHANNEL CENTRELINE MIGRATION 4

Fig. 4.8 Channel centreline migration
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decrease than the previous decade. In 2003-—
2014, the westward migration of both the banks
increased momentously. Although considerable
increase in the eastward migration was evident in
both of the banks.

Downstream Distance (km)

4.4.13 Meander Bend Dynamics

Along this reach, ten meander bends had been
evolved (Fig. 4.11). The quantitative assessment
of the meander bend parameters was discussed
spatio-temporally.
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Fig. 4.11 Meander bend evolution

4.4.13.1 Meander Bend Radius (Rmb)
The mean Rmb ranged from 915.72 m (1993) to
539.52 m (2014). The value of Rmb decreased
once the meander bend underwent progressive
growth. It indicated the formation of high-
curvature bends. The mean Rmb increased from
1923 to 1972 suggesting reduction in bend sin-
uosity. The Rmb decreased in 1981, but a
remarkable increase in the mean Rmb was
observed in 1993 owing to bend cut off and
development of new meander bends. In the
subsequent period, there was a rapid reduction in
the mean Rmb (Fig. 4.12a). Among the ten
meander bends, the coefficient of temporal vari-
ations of Rmb was more significantly observed in
bend 8-10 (CV ~0.672), whereas a little
amount of change was witnessed in bend 3, 6 and
7 (CV ~0.26).

4.4.13.2 Meander Bend Width (Wmb)

Over the assessed period, the Wmb did not show
any remarkable spatio-temporal variations
(Fig. 4.12b). The mean Wmb ranged from
287.30 m (1972) to 161.97 m (1993). The con-
siderable increase in the CV was registered in
1981 (0.411) and 2003 (0.383). Moderate range
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of CV (~0.38) was observed on all the assessed
meander bends.

4.4.13.3 Meander Bend Curvature

Channel Width Ratio

(Rcw)
From 1923 to 1981, the mean Rcw was consid-
erably lower (~2.68). In 1993, there was a rapid
increase in this ratio from 2.68 in 1981 to 4.76 in
1993. It decreased in the succeeding period,
however, it increased to 4.17 in 2003-2014
(Fig. 4.12c). The highest range of CV was
observed in 1993 (0.725), followed by 2003
(0.641), in other periods it varied ~0.44.
Among all the bends, the Rcw varied from 4.69
(bend 8) to 2.50 (bend 5). The CV registered
highest for bend 8 (0.979), followed by bend 4
(0.836). In all other bends, moderate to higher
coefficient of variations were found.

4.4.13.4 Length of Meander Bend

(Lmb)
The length of the meander bends had been mod-
ified in all of the assessed periods because of
frequent bend migration or intensification of the
bend growth. The length of the meander bend
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registered highest during 1923 (4930.86 m) as
most of them appeared as high-curvature bend
while it remained lowest in 1981 (2223.19 m)
due to straightening of the channel course by cut
off and lower bend growth. There was a signifi-
cant increase (36. 79%) in the Lmb in 1993-2003.

The similar trend continued in the subsequent
periods. Among the ten meander bends, the mean
Lmb ranged from 459443 m (Bend 2) to
2666.51 m (Bend 8) (Fig. 4.12d). The coefficient
of variations among all the meander bends reg-
istered moderate (~0.413) except for bend 10
(0.18).

4.4.13.5 Meander Bend Amplitude
(Amb)

The mean Amb ranged from 1714.12 m (1923)
to 454.41 m (1981). From 1923 to 1981, the
mean Amb decreased remarkably (Fig. 4.12e).
However, in the succeeding period, it started to
increase and became 1106.05 m in 2014. The
drastic changes in the mean Amb were specifi-
cally observed in all of the studied periods. The
major changes happened during 1972-1981 and
1923-1981. The lateral expansion of the mean-
der bends aggravated the bend’s amplitude.
Thereafter, these bends were subjected to cut off.
Among the ten meander bends, the mean Amb
value ranged from 1527.78 m (bend 2) to
674.49 m (bend 8). Except for bends 9 and 10,
very high coefficient of variation was registered
(~0.71).

4.4.13.6 Wavelength of Meander Bend
(Wmb)

The average Wmb was recorded highest in 1972
(2,426.18 m), while it was lowest in 1981
(1,691.50 m). In 1972-1981 period, an abrupt
reduction in the mean Wmb (—30.3%) was
observed. Since 1993, appreciably higher amount
of mean Wmb was noted (Fig. 4.12f). The CV of
Wmb registered higher value in each evaluated
period except for 1993 (0.193). Among ten
meander bends, the mean Wmb ranged from
2477.57 m (bend 10) to 1820.83 m (bend 5). The
coefficient of variations remained moderate. The
highest range of variation was observed in bend 5
(0.402).
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4.4.13.7 Meander Bend Sinuosity
(Smb)

The highest mean value of Smb was recorded in
1923 (2.33) as the entire channel remained
highly sinuous that time. From 1923 to 1993, the
sinuosity of meander bend decreased consider-
ably. After 1993, the meander bend sinuosity
started to increase and it became 1.89 in 2014
(Fig. 4.12g). The mean value of Smb of the ten
meander bends depicted that the sinuosity of the
meander bends had been constantly changing
with time and most of them were heralded with
higher sinuosity. Over the assessed period, the
meander bend 5 achieved the highest amount of
mean sinuosity (2.13), whereas the bend 7 had
lower value (1.29). The coefficient of variations
among the ten meander bends represented major
ranges of variability for the bends 3 (0.855), 1
and 5 (0.698 and 0.639).

4.5 Discussion

The major rivers located in the Indo-Gangetic
Plain show remarkable variation in channel
morphology, migration and erosion rate which
can be witnessed within a short span of time
(usually in less than a decade). Hence, a detailed
explanation of chronology and sequence of
development of the planform parameters of the
highly dynamic alluvial river of this region can
be very useful in order to designate the mode of
river adjustment in response to varying water
discharge and sediment load. In the present study,
a detailed account of decadal and mid-term scale
variation of channel planform and meander bend
morphology was evaluated. A careful investiga-
tion was made to show the spatial variation of the
planform and meander bend parameters for each
assessed period. The actual, maximum, mean, per
cent change and coefficient of variations were
calculated to quantify the chosen parameters and
also to express the nature of their dynamicity.
For multi-temporal analysis of planform dy-
namics, channel migration, bank erosion and
accretion assessments, most of the studies have
used the images of Landsat series of orbital sen-
sors: MSS, TM, ETM+, Landsat-OLI8 (Kalliola
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et al. 1992; Peixoto et al. 2009; Baki and Gan
2012). In addition to that, topographical maps,
aerial photographs, navigational charts have also
been used (Mukherjee et al. 2017; Yunus et al.
2019). Among all the available satellite images,
the Landsat data is still considered as the most
convenient and economical resources for the
aforesaid studies (Peixoto et al. 2009). In the
present analysis, all the orthorectified Landsat
images with zero per cent of cloud cover were
downloaded in winter season. Because during this
season, the discharge remains more or less con-
stant over the years. Hence, it provided better
results for temporal analysis.

4.5.1 Dynamics of Channel Planform

Parameters

After examining the active channel width and
active channel area, it was found that the channel
narrowing phenomenon has been aggravated
widely over the assessed period. It indicates
downstream impact of channel impoundment
(Grams and Schmidt 2005). Although its rate can
be observed with more prominence in the
upstream reaches from the present study reach in
the western Gangetic plain where lesser number
of tributaries meet to the Ramganga river. Here,
more than 90% of the major tributary channels
contribute water to the Ramganga river, hence it
helps to reduce the variability of the water
discharge.

Although the active channel narrowing phe-
nomenon was widely observed over the assessed
period, the spatial variation of it in downstream
direction was widely experienced. The ACTCW
ratio remained lower in all of the assessed period.
It depicted that the flow did not cover most of the
part of the channel. The rivers in the Indo-
Gangetic plain with lower ACTCWR value sug-
gests higher probability of river bed and bank
erosion due to periodic wetting and drying that
loosen river bed and bank materials. When the
bank full discharge or channel overflow occur, the
stream erodes those loosened particles and
deposits in the downstream direction. In each
assessed period, significant variations of the
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channel length was noticed. It expressed the
horizontal instability of the channel. The sinuos-
ity of the channel varied remarkably within
91 years of the study period. Although the sinu-
osity decreased from 1923 to 1981, but it showed
a considerable increase from 1993. During 1923,
the Ramganga channel exhibited truly meander-
ing channel, however, in due course of time, the
intensity of braiding had been increased remark-
ably. The braiding index reflected that since 1993,
the tendency of braiding of the Ramganga river
increased substantially.

4,5.2 Changes in Channel
Pattern/Growth of Bars
and Islands

As the tendency of braiding in Ramganga river
had been increased, the size and area of the
sandbar increased remarkably. Here, the river
flows with heavy sediment load through high-
curvature meander bend. As a consequence, the
transported sediments mostly dropped in the
convex side of the bank which eventually formed
point bar. In the present study reach, large mid-
channel bar also came into existence. As the
meander bend grew in the downstream direction
by the extension process, the point bar formed in
the convex side of the bend. According to Mertes
et al. (1995, 1996), point bars are extremely
unstable and migrate laterally when intercepted
by secondary channels. Consequently, the
migration of point bars leads to the formation of
scroll bar. During flood, the Ramganga river
often creates small chute and join the parent
channel on the opposite side of the bend. With
the progression of time, several scroll sloughs
have been produced which eventually form new
scroll bars. Throughout the assessed periods, the
concentration of the scroll bars was widely dis-
cerned. Most of them were larger in size and
occupied major areas of the total sand bar area.
Due to progressive shifting, partial and chute cut
off of the channel, the area of the sand bar
modified effectively.

The SAACAR ratio gives a detailed account
of the proportion of the deposited sediments
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within a river channel. The variation in this ratio
is determined by the several conditions: if the
total wetted channel area increases at the expanse
of sand bar area, the value of this ratio will be
below 1. On the contrary, if the active channel
area decreases and the sandbar area increases,
SAACAR value will be more than 1. Throughout
the study period, this ratio became more than 1
only in 1923. Hence, it can be said that in all
other periods, the area of the sandbar remained
higher than the active channel area.

4,53 Trend of Channel Migration

At decadal scale, the incidence of channel cen-
treline migration was significantly higher, how-
ever, in mid-term scale (for the period of 1923—
1972 and 1972-2014), considerably lower
amount of migration was noticed. After multi-
temporal analysis of the pattern of channel
shifting, it had become evident that the channel
mostly oscillated either in east or westward
direction. It was observed that at mid-term scale,
the channel drifted its position towards the older
channel, hence a little amount of centreline
migration was noticed. However, in decadal
scale, the rate of shifting towards the previous
channel was quite lower which caused greater
shifting of the channel centreline.

4,54 Pattern of Bank Line Migration

The sequential analysis of the bank line migra-
tion revealed that along the left bank, the east-
ward erosion was prevalent in most of the
assessed periods. During 1923-1972, this phe-
nomenon was observed along 32 transects. The
highest rate of eastward migration of the channel
was registered in 1981-1993 (65.95 m/year).
The westward migration was associated with
accretion predominated over erosion in 2003—
2014 (24 transects) and 1972-1981 (19 tran-
sects). For the right bank, the westward
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migration predominated only in 1923-1972 (23
transects). In other assessed periods, westward
migration of the bank became significantly
higher which was associated with bank erosion.
The highest annual rate of the migration was
registered in 1972—-1981 (122.94 m/year).

4.5.5 Role of Flood in Channel
Planform Change
and Channel Migration

The lower reach of the Ramganga river is located
in western Gangetic plain. The rivers flowing in
this region are characterized by higher stream
power and carry lower sediment load than the
river of the Eastern Gangetic Plain (Sinha et al.
2005). The rivers of the western Gangetic plain
including Ramganga are incisional in nature.
During monsoon, heavy water discharge with
lower bedload, higher degree of slope causes very
high stream power which causes severe erosion of
the river bank. In the study reach, the medium to
high magnitude flood had been experienced in
decadal time period. It caused frequent shifting of
the channel and and meander bends.

4.5.6 Role of Dam on Channel
Planform

The Kalagarh dam was constructed on the
Ramganga at Himalayan foothill region for irri-
gation and power supply. The dam has been
operating since 1974. In the present study,
toposheet in 1923 and Landsat image of 1972
were available for pre-dam period and rest of the
images for the post-dam. In the post-dam period,
the study was conducted by maintaining decadal
scale (almost). But, it can be asserted from the
present investigation that the Kalagarh dam did
not make any hindrances in the rate of dynam-
icity of the channel in terms of its morphology
and horizontal position, meanwhile, it drives to
increase the rate.
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4,5.7 Evolution of Meander Bend
Parameters

Over the assessed periods, 61.67% of the
meander bend radius was below 750 m. Only for
two times, the Rmb appeared below 250 m.
More than 1000 m Rmb was experienced in
21.67% of the evaluated bends. It was experi-
enced that the bends below 750 m of Rmb were
associated with progressive growth of bends
which eventually transformed into symmetric
bends.

The significant reduction in mean bend width
was witnessed from 1923-2014. In 1923 and
1972, more than 70% of the bends were observed
with >250 m of Wmb. However, since 1981, the
bend width drastically reduced. In 2014, 80% of
the bend width was experienced with less than
150 m. It expressed considerable decrease in
discharge within the assessed period.

For about 56% of the assessed bends, the Rew
value ranged from 2 to 4 and 78.33% of them
remained below 4 Rcw value. The present study
found that the most significant cut off occurred in
the bends with the range of 2-4 (Rcw).

The amplitude of the bend reflects the pro-
gressive growth of the meander bends in the
downstream direction. Around 2/3 of the bends
registered more than 500 m bend amplitude.
Around 56.67% of the bend amplitude existed
within the range of 500-1500 m. Only nine
bends showed more than 1500 m bend ampli-
tude. Out of which, several bends were devel-
oped in 1923-1972 and the rest of them in 2014.

The length of the bends also did not remain
constant over the assessed period. It expressed
unstable nature of the channel. Around 65% of
the bend existed within 2000-4000 m of channel
length. More than 4000 m channel was observed
for 13 bends during 1923-1972 and 2003-2014.

For around 78.63% of the meander bends, the
wavelength was lying within the range of 1500—
2500 m. Only 6% of them were below 1500 m
of length. It was observed that where the bend
was considerably lower, the chance of chute or
neck cut off was greater. On the contrary, partial
cut off or channel avulsion predominated in the
higher bend wavelength.
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The less sinuous (CS 1.00-1.25) to sinuous
bends (CS 1.25-1.50) were predominantly
observed from 1972 to 1993. Since 2003, the
tendency of meandering had been increased. The
eight bends became highly sinuous (CS > 1.5) in
2014. Over the assessed periods, extremely high
meandering bends were noticed in 1923 (2) and
1972 (1). The changes in the bend sinuosity in a
short interval expresses the dynamic nature of the
channel. The meanders did not get enough time
to grow up. With increasing sinuosity, the bends
became more vulnerable to cut off. Moreover,
few bends evolved as high-curvature meander
bend, most possibly due to some local resistance
imposed by bank materials or by the progressive
growth of the point bars.

4.5.8 Mechanism of Change
in Meander Bend
Morphology

In the present reach, a significant number of the
compound meander bends consistently persisted
in all of the evaluated periods. In 1923, six bends
(out of ten bends) exhibited the characteristics of
compound bends. In 1972, all the meander bends
(except bend 9) became simple types. Among
them, three bends became simple asymmetric
whereas three bends became straight. During
1923-1972, the cut off and lateral migration of
the channel was observed in the bends 1 to 9
causing asymmetry of the bends, and the trans-
lation process had operated in the bend 10
(Table 4.3). In 1981, growth of compound bend
had been aggravated than the preceding periods.
Among the compound bends, the majority of
them are characterized by symmetry types of
bend suggesting progressive growth of the bends.
The channel had become straight in the bends 3—
5. During 1972-1981, 1-7 bends became highly
unstable owing to lateral shifting of the channel
and formation of new meander bends. In the
bends 8 and 9, the extension process, meanwhile
in the bend 10, the rotation process was actively
involved in meander bend evolution. In 1993, the
number of simple bends increased than the pre-
vious periods, and the compound bends were
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only observed in the bends 9 and 10. Except for
the bends 4, 9 and 10, the morphological changes
of the meander bends occurred in all other bends
due to cut off, lateral migration and development
of new bends. In the bends 9 and 10, lobing
process gave rise to compound asymmetric
bends. The simple types of meander bends also
predominated in 2003. During 1993-2003, cut
off and new loop formations were witnessed in
most of the bends. The complex change and tri-
ple combination processes had operated in the
bends 6 and 4, respectively, whereas the bend 10
experienced the rotation. In 2003-2014, the
meander bend migration was relatively con-
strained compared to all other evaluated periods.
During this period, the compound bend devel-
opment was prevalent than the previous periods.
The seven bends were characterized by com-
pound bends. In this period, the translation and
rotation processes were actively involved in
meander morphological change. The single pro-
cess operated in the bends 3 (rotation), 7 (new
loop), 9 and 10 (translation). The triple combi-
nation and complex mechanisms were responsi-
ble for the morphological change in the bends 4
and 5, respectively.

4.6 Conclusion

The purpose of this study was to quantify the
dynamics of channel planform and meander bend
metrics ~ 37 km reach of the Ramganga river by
using topographical map and LANDSAT images
acquired between 1923 and 2014. The study was
integrated with GIS that provide an objective
evaluation of spatio-temporal changes of various
attributes of channel planform and meander
bend.

In the study reach, the Ramganga river is very
dynamic in nature. The most of the parameters
chosen for the present study underwent remark-
able variations. Over the assessed periods, the
active channel width, ACTCWR, channel length,
channel area, ACACBR, SAACAR were reduced
dramatically. On the contrary, the channel belt
area, sand bar number and sand bar area showed
significant increase. After examining the

temporal trend of all planform parameters, it
could be mentioned that over the assessed peri-
ods the active channel narrowing phenomenon
had been aggravated substantially. On the other
hand, the channel aggradation and braiding ten-
dency of the channel increased remarkably.

Most of the meander bends of the study reach
never remained stable within the assessed peri-
ods. The bend morphology changed substantially
in response to constant river adjustment with the
available stream discharge and sediment load.
Due to progressive shifting of the channel, the
meander bends did not get sufficient time to
evolve as high-curvature bends. Although, few
bends got favourable condition to grow, most
probably by the local resilience of the fluvial
adjustment. Over the assessed period, it was
observed that considerably greater number of
high-curvature bends were developed in 1923,
2003 and 2014 periods. However, since 1972 to
1993, cut off and local channel avulsion created
hindrance for the bend growth. The increasing
stability of highly sinuous bends were found
since 2003. The cut off and lateral migration
processes were responsible for the changes in the
meander bend morphology for about 60% of the
total assessed bends. Around 12% of the bends
were associated with the further complex evolu-
tion of the bends.
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Abstract may be the probable cause for the reduction in
monsoon flow discharge. At the Maithon
station, a tendency of late shifting of hydro-
graph indicates that the peak flow season has
shifted towards the right side over time. The
late release of water from the dams has caused
the late shifting of the hydrograph. The annual
maximum discharge for both Tilaiya and
Maithon tends to decrease across the period
of 1980-2013. Nevertheless, the annual min-
imum discharge of the Maithon shows a
tendency to increase. The increase in water
discharge depicts the increase in water avail-
ability during dry months of the year. The
- ) - overall trend of the water flow discharge has
eve'r, rainfall has an mcr.easmg trend at decreased from 1980 to 2013 at both the
Maithon, thereby the relationship between . . . .

. - ; o gauging stations. The changes inflow regimes
discharge and rainfall is very insignificant. In are the results of human interventions through

the seasonal. variation, a rising trend of water the modification of water discharge from the
discharge in the pre-monsoon and the dams

post-monsoon season is significant. Con-
versely, in the monsoonal season, there is an
indication of a decrease in the flow over time.

The uneven release of water from the dams Dams - Hydrograph - Human Interventions -
Discharge - Mann-Kendall Test

The flow regime of ariver is an essential
aspect of river hydrology. The changes of flow
regime impact on peak flood discharge,
sedimentation process, seasonal flow pattern,
morphology of the rivers. The Barakar River,
the main tributaryriver of the Damodar River
in the Chhotanagpur plateau and plateau
fringe region of India, has a significant flow
character that is altered by human interven-
tions. The discharge data of the Barakar River
are available from Maithon and Panchet
hydraulic stations. Mann—Kendall test de-
pictsa decreasing trend of discharge. How-
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mostly regulates the river hydrology in the
monsoon season. The uncertainty, variability and
seasonally of the rainfall are natural; thereby,
fluctuation of river hydrology is frequent. How-
ever, the climatic variability and human inter-
ferences accelerate the fluctuation and changes in
river hydrology globally (Arnell 1998; Mid-
delkoop et al. 2001; Christensen et al. 2004;
Steele-Dunne et al. 2008; Boyer et al. 2010;
Grillakis et al. 2011; Panda et al. 2013; Xu et al.
2013; Biswas 2014). Streamflow is the primary
indicator to evaluate the impact of extrinsic fac-
tors on the river flow regime. The increase in the
streamflow, base flow and water discharge is
correlated with the increase of precipitation and
decrease of  potential  evapotranspiration
(PET) (Tomer and Schilling 2009; Coe et al.
2011). The reduction of annual rainfall enhances
the annual mean PET and thereby, reduction in
the annual mean runoff and discharge (Xu et al.
2013). Rainfall variability induces the shift of
peak flow and hydrograph (Sharma and Shakya
2006; Moran-Tejeda et al. 2011; Panda et al.
2013) and it leads to scarcity and uncertainty of
water availability (Gosain et al. 2006). On the
contrary, hydrograph shifting, reduction of water
availability and peak flow are very significant as
an effect of human interventions on the river
system (Cheng et al. 2019; Gierszewski et al.
2020; Uday Kumar and Jayakumar 2020).

The human impacts on river mainly include
the changes through engineering construction,
sand mining and land-use changes (Knighton
1998; Biswas 2014; Gibling 2018). Kiss and
Blanka (2012) have analysed the hydro-
morphological changesas a result of climate
change, along with the human impacts of the
Herndd River. They have used the long-term
changes in the stages and discharge hydrographs.
Similarly, Xu et al. (2007) have studied impacts
of climate and anthropogenic activities on water
resources and sediment by using the trend of
precipitation and runoff with the aid of non-
parametric test like the Mann—Kendall Test.
They found that over 50 years, the constructions
of over 50,000 dams results in small variations of
monthly and yearly water discharges of the
Yangtze River. Several methods like Soil and
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Water Assessment Tool (SWAT), Regional Cli-
mate Model (RCM), Indicators of Hydrologic
Alteration (IHA), Range of Variability (RVA),
Flow Health (FH) have been adopted to assess
the hydrological alterations due to human inter-
ventions (Mittal et al. 2014; Gain and Giupponi
2014; Uday Kumar and Jayakumar 2018, 2020;
Borgohain et al. 2019; Gierszewski et al. 2020).
The decrease of streamflow is significant as a
result of the human interferences through dam
construction (Magilligan and Nislow 2005; Graf
2006; Milliman et al. 2008; Biswas and Pani
(2021). Flow augmentation and flow variability
such as reduction of high flow during monsoon
season and enhancement of low flow are the joint
impacts of dam construction (Mittal et al. 2014;
Pal 2016; Borgohain et al. 2019). However, the
changes in climate-related phenomena such as
river flow, air temperature are also the result of
human induced changes (Barnett et al. 2008).

The study on the rivers of peninsula India is
more significant than the extra-peninsular river in
context to the discharge variability as most of the
rivers of the peninsula region are non-perrenial.
So change of flow characters is very significant.
The studied Barakar River is a peninsular river,
and it is mostly disturbed by human interven-
tions. The changes in the flow regime should be
concerned for the people of the Barakar river
basin. Hence, the study aims to identify the
changes in the flow regime in the Barakar River
as an effect of human interventions.

5.2 Barakar River: Geomorphic
and Climatic Settings

Originating from Padma village, the Barakar
River runs as a major tributary of the Damodar
River which is the part of the Ganga River sys-
tem in eastern India (Fig. 1). The length and
catchment area of the Barakar River is ~256 km
and ~ 6159 km?, respectively. Several tributaries
flow out into the Barakar River from the different
directions of the Chotanagpur Plateau. The land
use and land cover changes of the river basin
alter the morphology and hydrology of the river
significantly (Biswas and Pani 2016b). The
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Barakar River has a steady flow in its lower
section. Two dams characterise it at Tilaiya and
Maithon in the upper and lower section of the
river, respectively (Biswas 2014). The river has
hydraulic gauging stations at Tilaiya and Mai-
thon. In the upper section, the undulating phys-
iography of the Chotanagpur Plateau is
discernible, and it is very active in denudation
that forms several narrow valleys. The general
gradient of the Barakar River basin is toward
the east and south-east. A wide, shallow channel
along with a steep-sided, narrow valley of the
river is marked over the flat plateau and plateau
fringe region. The long profiles are disrupted by
the number of rapids (Singh 1971). In the upper
section, the river is very potential to erode. It is
characterised by topographic features of rugged
banded gneisses (Sen and Prasad 2002). The
middle section of the basins distinguished by the
large size of interfluves that influence on the
increase of water volume and capacity of erosion
(Prasad and Gupta 1982). In the lower section of
the river basin, the river flows through several
joints, and these are characterised by steep-sided
granitic and gneisses walls with the presence of
rugged blades of gneiss (Sen and Prasad 2002).
The river has a significant character of mixed
bedrock and alluvium nature (Biswas and Pani
2016a). In the upper regime, sinuous bedrock
with the incised valley is significant. Conversely,
in the lower regime, the river has a braiding
character. Paleochannel study reveals that the
river flowed by 235-415 m width, 3.7-5.5 m
deep and over a slope of 0.00035 (Khan 1987).
Thus the rapid formation, knick point develop-
ment, channel incision is the results of long-term
rejuvenation processes in Triassic to the Qua-
ternary period (Biswas and Pani 2016a; Biswas
et al. 2019).

The monsoon climate character prevails over
the Barakar River basin. There are three distinct
seasons in Jharkhand as well as in the Barakar
River basin (Biswas 2014). The most pleasant
weather of the year is cold weather that extends
from November to February. Rainfall occurs
mainly from July to September, and it accounts
for more than 90% of the total rainfall of the
year. In the lower portion of the basin, rainfall is
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high than in the north-western side of the upper
portion of the Barakar River basin (Fig. 5.2).
The lower section of the catchment area experi-
enced more rainfall in the monsoon season and
the hot summer season (April-May) through the
thunderstorms that are locally known as Kal-
baishaki (Nor-Wester).

5.3 Materials and Methods

The change of hydrology of the Barakar River is
one of the main concerns for the livelihood of
people of the catchment area. The rainfall and
discharge data have been used over 50 years to
assess the hydrological changes of this river
system. The discharge data of two hydraulic
stations have been collected from the Hydraulic
Data Division, Damodar Valley Corporation
(DVC), Maithon. The daily discharge data of
Maithon and Tilaiya station is available from
1980 to 2013. However, the yearly discharge
data of Maithon station is available from 1945 to
2013. The daily rainfall data of Dhanbad and
Asansol stations have been collected from the
Indian Meteorological Department (IMD), New
Delhi. The rainfall data is available from 1950 to
2000 at Dhanbad and Asansol and from 1987 to
1996 at Tilaiya. Moreover, daily rainfall data of
six rainfall gauging stations (Barhi, Tilaiya,
Barki Saria, Palganj, Nandadih, Maithon) of the
Barakar River Basin is collected from Hydraulic
Data Division, DVC, Maithon (Fig. 5.1).

To understand the effect of rainfall on dis-
charge, the non-parametric test, i.e. the Mann—
Kendall test is applied (Smith 2000; Salmi et al.
2002; Kampata et al. 2008; Zhang et al. 2009; Xu
et al. 2010; Tabari and Talaee 2011). To avoid
the problem of data skewness, the non-
parametric test has been adopted rather than
using a parametric test (Smith 2000). The Mann—
Kendall test is suitable where the increasing or
decreasing trend is monotonic without the pres-
ence of seasonal or other cycles. It is based on
the rank series of progressive and retrograde
rows of random variables (Salmi et al. 2002;
Zhang et al. 2009). The Mann—Kendall trend has
been analysed using the rainfall and discharge
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data of the Maithon hydraulic station. The trend
analysis is not performed for the Tilaiya as there
was a limitation in the availability of the long-
time annual rainfall data at the Tilaiya.
Mann-Kendall statistics (S) are calculated as

n—1 n
S=> > san(x—x) (5.1)
k=1 j=k+ 1

where S = Mann—Kendall statistics and the

follows: ranked series sgn (xj — xk) is generated from the
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time series data of rainfall and precipitation and
comparing each value x; with the subsequent
values x; with applying the following criterion:

lifx —x; >0
sgn(x —x) = ¢ Oif; —x =0 (5.2)
—1ifx; — x;, <0

The test is based on the rank of data that have
been used. There is not any tied data that have
been observed. The variation of S has been
generated by using the following formula:

n(n+1)(2n+5)

Var(S) = 18

(5.3)

The values of Var(S) and S have been used to
compute the Z statistics

Sl g>1
Var(S)
0S=0
S+l S
Var(S)

Z= (5.4)

A positive value of Z is the indication of an
increasing trend, and a negative value is the
indication of a decreasing trend.

Seasonal variation of flow has been discussed
in three main seasons (pre-monsoon, monsoon
and post-monsoon) of the study area to explain
the temporal variation of the discharge in the
different seasons or the seasonal flow variation on
the Barakar River. Month-wise plotting of dis-
charge at two stations (Maithon and Tilaiya)
reveals the spatial variation of the discharge on
the Barakar River. The hydrograph at two sta-
tions have been produced to explain the avail-
ability of water in the different months of the year
based on temporal discharge data at an interval of
10" years (Sharma and Shakya 2006). The trends
of the maximum (Qp,x) and minimum (Q;n)
discharge of both the stations reveal the temporal
trend of peak flood discharge and the water
availability in the dry season, respectively. The
discharge has been analysed using maximum,
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minimum annual discharge to show the peak
discharge and lowest discharge, respectively.
Moreover, the relationship between Qmax/Qmin
and Qmax/Qmean has been established to express
the relationship between discharge variability and
high peak flow flood regime of the Barakar River,
respectively (Latrubesse et al. 2005). The trend of
annual water flow has been produced to explain
the overall discharge or water available at two
hydraulic stations. A graph is established to
show the relationship between rainfall and dis-
charge and also the similar occurrences of peak
flow and high rainfall over 40 years (1950-1990)
at Maithon. The discharge data of the Maithon
station is available in the pre-dam period. Thus,
the effects of the Maithon dam are assessed over
the pre- (1945-1957) and post- (1958-2013) dam
period as the Maithon dam has been constructed
in 1957 (Biswas 2014). Due to the limitation of
the long-term discharge data in the pre-dam per-
iod, the change in recurrence interval in pre- and
post-dam periods could not be calculated. The
decadal change and seasonal change in the rain-
fall have been assessed using yearly and monthly
rainfall of the six rainfall gauging stations,
respectively (Moran-Tejeda et al. 2011).
Furthermore, the relationship between rainfall
and discharge with scatter diagram plotting has
been established at three stations Tilaiya, Dhan-
bad and Asansol.The student t-test is applied to
test the relationship between rainfall and dis-
charge. A test of significance of r is used to
presume whether the correlation of coefficient of
rainfall and discharge is zero or not. It is tested
with the null hypothesis (Hg) of only rainfall
controls the water discharge against the alterna-
tive hypothesis of (H;). The student t distribution
is calculated using the formula (Mahmood 1998):

n—2

1—1r2

t=r

(5.5)

where r = correlation coefficient, n = number
of observations.
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5.4 Results and Discussions
5.4.1 Temporal Trend of Rainfall and

Discharge Using
the Mann-Kendall Test

In the analysis of the Mann—Kendall test, the
rainfall at Maithon has an increasing trend over
the year 1970-2005 (Table 5.1). However, the
discharge shows a decreasing trend across the
period 1970-2012. The changes in the rainfall
and discharge are not significant as the value of Z
statistics is very low compared with the critical
value of Z-statistics at 5 and 10% significance
level. During the period 1970-2005, the annual
rainfall has increased. However, it is insignificant
as there is only an increase of 8.11 percent. On
the contrary, from 1970 to 2012, the annual water
discharge has been decreased by about 4.56%.
From the Mann—Kendall test, it can be said that
rainfall and discharge are not significant at 0.05
levels (Two-tailed). It indicates that the rainfall
does not solely affect the discharge. The probable
cause of insignificant relation is the construction
of the Maithon dam, where the maximum
upper channel flow of the upper part of the basin
is consumed.

5.4.2 Variability in Hydrological
Characteristics of
the Barakar River
5.4.2.1 Temporal Change in Seasonal
Flow Discharge
In the tropical monsoon rivers, the river hydrol-
ogy is solely dependent on the monsoon precip-
itation of the river basin. Similarly, monsoon
rainfall is the only source of the precipitation of
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the Barakar River. The rainfall occurs primarily
from June to October in which is the monsoon
season. Three prominent hydrological seasons
are dominant in the Barakar basin, such as
the Pre-monsoon season (March to May), Mon-
soon season (June to October), and Post-
monsoon season (November to February). The
discharge data are available at Maithon and
Tilaiya, where two concrete dams have been
constructed. There is an increasing trend of water
discharge in the pre- and post-monsoon season.
However, the trend is not of much significance as
the R* value is 0.1 and 0.9, respectively
(Fig. 5.3a, ¢). In this season, the discharge is not
fed by the precipitation. It is supplied by the
groundwater and the outflow from the Tilaiya
dam in the upper stream regime. On the contrary,
in the monsoon season, an indication of a
decrease in the flow is discernible (Fig. 5.3b).
In the monsoon season, the release of water
from the dams depends on the amount and the
intensity of rainfall in the upstream reaches and
the storage capacity of the dam reservoir. Dams
release excess water when it approaches
the storage capacity. Thus, intense rainfall in the
upstream reaches is the only source of water
availability in the downstream reaches of the
dams. The amount of discharge is high at the
Maithon than at the Tilaiya (Fig. 5.3d). High
discharge at the Maithon is the result of the water
flow contribution from most of the tributaries of
the basin, and it is located just 12 km above the
Barakar confluence with the Damodar River.

5.4.2.2 Late Shifting of the Hydrograph
at the Maithon Hydraulic
Station

Hydrographs at Maithon and Tilaiya indicate the

availability of water in the different months of the

Table 5.1 Mann—Kendall trend analysis of the Barakar River Basin

Hydraulic Rainfall Discharge
station Year Change | Z Confidence  Year Change | Z statistics = Confidence
(%) statistics (%) (%) (%)
Maithon 1970- 8.11 0.026 NS 1970- —4.56 —0.023 NS
2005 2012

NS—Not significant



5 Changes of Flow Regime in Response to River Interventions ... 121

. 250 a
@ 200 o«
& R2=0.0101 .
Ei 150 ° .
[ ]
S 100 . o L o
© e e
g % R
a o o« * " e K
1970 1980 1990 2000 2010 2020
Year
— 350
< c
8 300 o
2 250 . .
E 2 =
£ 0 o o , Re=0.1627
"9’, 150
% 100
@ 50
[m] 0 o,
1970 1980 1990 2000 2010 2020
Year

3500
3000 . b
2500 " ®
2000 ° . o
1500
1000
500 . ®

0 [ ]

1970 1980 1990 2000 2010

R?=0.0498

Discharge (hm3sec™)
[ ]
[ ]
[ ]

2020

Year

2000
1600
1200
800
400

Discharge (hm3sec')

2 3 4 5 6 7 8 9 10 1112
Month

----- Tilaiya

Maithon

Fig. 5.3 Trend of flow discharge. a Pre-monsoon, b Monsoon, ¢ Post-monsoon and d flow discharge in a year at the

Maithon and Tilaiya station

year at these hydrological stations. The late
shifting tendency of the hydrograph at the Mai-
thon station is very significant (Fig. 5.4a). The
peak flow season has shifted towards the right
side over time. In 1980-89, the peak flow was
from July to August, but after that from 1990 to
2013, the peak flow is in September which is a
one and half month delay in the peak flow dis-
charge. The late shifting of the rainfall period is
the main factor for the shifting of the hydrograph.
A significant observation is the initiation of two
peaks after the period of 1980-89. In the
hydrograph at the Tilaiya station, this scenario is
different (Fig. 5.4b). The hydrograph is more or
less constant except for one period. The shifting
of the hydrograph is only noticed during 2000—
09. During this period, the peakflow has shifted
to September from August. Nevertheless, for the
rest of the period, the peak flow occurs in
August. In between 2010 and 2013, low peak
discharge indicates the unevenness of the pre-
cipitation and the low water availability from the
upstream section.

The uneven release of water from the dams
along with the late arrival of the monsoon has
caused the late shifting of the hydrograph. The
late shifting of hydrograph can cause the flood in
the downstream section in September and Octo-
ber (e.g. late arrival of monsoon creates the cloud
burst in October 2013, and flood had occurred in
the downstream of its mainstream, and it was
accelerated by the sudden release of the water
from the Maithon and Panchet dam). From April
to May, both the gauging stations faced dry
season along with the rest of the months of the
years as hardly any type of precipitation occurs.

5.4.2.3 The Trend of Maximum (Q,.x)
and Minimum (Q,,,;,) Flow
Discharge at Tilaiya
and Maithon Hydraulic
Station:

The annual maximum discharge(Q,.x) for both

Tilaiya and Maithon tends to decrease across the

period of 1980-2013, but the trend at the two

stations is different. The decreasing tendency of
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Fig. 5.5 Maximum (Q.x) (a) and minimum discharge (Qp,;,) (b) of Maithon and Tilaiya hydraulic gauging station.

maximum discharge (Qn.x) at Maithon repre-
sents the decrease in the magnitude of a flood
(Fig. 5.5a). On the contrary, the annual Q;, of
the Maithon shows a tendency to increase, but
the Qnin of the Tilaiya is near to zero in most of
the year. As a result, the trend is not significant,
and it lies on the baseline (Fig. 5.5b).

The increase in water discharge in the non-
monsoon season depicts the increase in water
availability in the driest season of the year
(Sharma and Shakya 2006). It indicates the
modification of the flow regime caused by the
construction of the dams. Due to the dam closure,
the reservoir storage is increased in the non-
monsoonal season and peak discharge in
the monsoon season is reduced (Biswas and Pani
2021). Thus, the frequencies of high floods tend
to be reduced, while the low magnitude flood is
slightly increased.

The overall trend of the water flow discharge
has decreased from 1980 to 2013 at both gauging
stations (Fig. 5.6). Both of the stations indicate a
trend of decrease in the discharge of water, but
the trend is a little high at Tilaiya than Maithon.
Some occurrences of the peakflow at the Maithon
is above 1200 hm® s™" for the years 1984, 1987
and 2007, simultaneously, the Tilaiya shows
peakflow in the same years. However, the
amount of flow discharge that meagres at the
Tilaiya dam was experienced with only
above 200 hm® s™'. The position of the Tilaya at
upper regime favours the low peak discharge.

Since the Tilaiya dam is located near the
source of the river, the magnitude of interven-
tions is lower than the Maithon dam. The peak
flow of discharge is related to the high intensity
and amount of precipitation and local cloudburst
in the Chotanagpur plateau region. It is also
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Fig. 5.6 Decreasing trend of 250
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related to the peak flow discharge at the Maithon
dam. It is noteworthy that the water release from
the Maithon Dam result floods in the down-
stream regime of its mainstem river, the Damodar
River.

5.4.3 Relationship Between
Discharge and Rainfall
of Two Stations on the
Barakar River Basin

In the analysis of the relationship between rain-
fall and discharge of two gauging stations, a
different scenario is recognisable. Significantly,
the peak discharge correlates with the high
amount of rainfall, or the peak discharge coin-
cides with the high rainfall in Maithon (Fig. 5.7).
In the case of Tilaiya, the rainfall is significantly
correlated (r = 0.69) to the discharge (Fig. 5.8c).
For Tilaiya, the t-test is not significant at the 99%
significance level, but it is significant at the 95%
significance level. From the significance level
test of the relationship between rainfall and dis-
charge at Tilaiya, it can be said that the rainfall is
controlling the discharge. Similarly, the rela-
tionship between the rainfall of two stations
(Dhanbad and Asansol) and the flow discharge at
the Maithon depicts the positive but weak rela-
tionship (r = 0.29) over an extended period
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(Fig. 5.8a, b). At Maithon, the peak flood dis-
charge in the different years (1959, 1963, 1978
and 1980) simultaneously coincides with the
peak combined rainfall of Dhanbad and Asansol.
However, the relationship is not very significant
(r = 0.40 and 0.22) Asansol and Dhanbad. The #-
test is very significant at 99, 95 and 90% sig-
nificance levels. Thus, the two variables are
independent in this observation and from a large
number of observations also. In the studied sec-
tion of the river basin, precipitation has the least
influence on the water discharge of the river.
Such type of result was established in the pre-
vious study at the middle course of the Damodar
River (the mainstream of the Barakar River) by
Biswas (2014). But, a strong positive relationship
between precipitation and water discharge has
been observed in the lower section of the
Damodar River by Bhattacharyya (2011). Hence,
from the significance level test of the relationship
between rainfall and discharge at Maithon, it is
concluded that other factors control the discharge
rather than rainfall only. Thus, the weak rela-
tionship may be the result of discharge modifi-
cation by the dams, other anthropogenic
alterations (sand mining, increase of urbanisa-
tion) and the late arrival of the monsoon (Biswas
2014). Thus, these factors can be treated as
responsible for recent hydrological changes for
the Barakar River.
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5.5 Conclusion

The discharge variability on the Barakar River is
a basin-scale phenomenon. The seasonal vari-
ability, water availability, changes in the rainfall-
discharge relationship, shifting of the hydro-
graph, changes of flood pattern are significant
indications of the human interventions in the
river hydrological system. The decreasing trend
of discharge in the monsoon season and the
increasing trend of minimum discharge are very
discernible in context to the changes in

hydrological characters. Weak relation in rainfall
and discharge also indicates the influences of
dams on the flow discharge. Moreover, the late
shifting of the hydrograph and reduction of water
availability in the monsoon season reflect in
agricultural practices of the basin. The people of
this basin have to depend on irrigation for agri-
cultural production. The increase in water avail-
ability in the dry season somehow meets the
needs of agriculture. Hence, the analysis of
hydrological change is indispensable for the
morphology of the river as well as the livelihood
of people of the Barakar River basin.



5 Changes of Flow Regime in Response to River Interventions ...

Acknowledgements The first author would like to
express his acknowledgement to the University Grant
Commission (UGC), New Delhi, India, for the financial
support of the research work. This paper is a part of M.
Phil. Dissertation (Unpublished) of the first author.

References

Arnell N (1998) Climate change and water resources in
Britain. Clim Change 39(1):83-110. https://doi.org/
10.1023/a:1005339412565

Barnett T, Pierce D, Hidalgo H, Bonfils C, Santer B,
Das T, Dettinger M (2008) Human-induced
changes in the hydrology of the western United
States. Science 319(5866):1080-1083.https://doi.org/
10.1126/science. 1152538

Bhattacharyya K (2011) The lower Damodar River, India:
understanding the human role in changing fluvial
environment. Springer, New York

Biswas SS (2014) Influences of changes in Land use/Land
cover and precipitation variability on hydrology and
morphology of middle course of Damodar River in
East India. Int J Earth Sci Eng 7(1):326-338

Biswas SS, Pani P (2021) Changes in the hydrological
regime and channel morphology as the effects of dams
and bridges in the Barakar River, India. Environ Earth
Sci 80(5). https://doi.org/10.1007/s12665-021-09490-
0

Biswas SS, Pani P (2016a) Characteristics of a mixed
bedrock-alluvial channel in a plateau and plateau
fringe region: a study on the Barakar River of the
Chotanagpur Plateau India. Environ Process 3(4):981—
999. https://doi.org/10.1007/s40710-016-0190-y

Biswas SS, Pani P (2016b) Fluvial systems responses to
landuse landcover change: a study on lower section of
Barakar River Basin, India. J Indian Geomorphol
4:29-46

Biswas SS, Pal R, Pani P (2019) Application of remote
sensing and GIS in understanding channel confluence
morphology of Barakar River in Western most fringe
of lower Ganga Basin. In Das BC, Ghosh S, Islam A
(eds), Quaternary geomorphology in India—case
studies from the lower Ganges basin, 1st ed. Springer
International Publishing, pp 139-153. https://doi.org/
10.1007/978-3-319-90427-6_8

Borgohain PL, Phukan S, Ahuja DR (2019) Downstream
channel changes and the likely impacts of flow
augmentation by a hydropower project in River
Dikrong, India. Int J River Basin Manag 17(1):25-35

Boyer C, Chaumont D, Chartier I, Roy AG (2010) Impact
of climate change on the hydrology of St. Lawrence
tributaries. J Hydrol 384(1-2):65-83. https://doi.org/
10.1016/j.jhydrol.2010.01.011

Cheng J, Xu L, Fan H, Jiang J (2019) Changes in the flow
regimes associated with climate change and human
activities in the Yangtze River. River Res Appl 1-13.
https://doi.org/10.1002/rra.3518

125

Christensen NS, Christensen NS, Wood AW, Wood AW,
Voisin N, Voisin N, ... Palmer RN (2004) The effects
of climate change on the hydrology and water
resources of the Colorado River Basin. Climatic
Change 62:337-363.https://doi.org/10.1023/B:CLIM.
0000013684.13621.1f

Coe MT, Latrubesse EM, Ferreira ME, Amsler ML
(2011) The effects of deforestation and climate
variability on the streamflow of the Araguaia River,
Brazil. Biogeochemistry 105(1):119-131. https://doi.
org/10.1007/s10533-011-9582-2

Latrubesse EM, Coe, MT, Ferreira ME, Amsler ML
(2011) The effects of deforestation and climate
variability on the streamflow of the Araguaia River,
Brazil. Biogeochemistry 105(1):119-131https://doi.
org/10.1007/s10533-011-9582-2

Gain AK, Giupponi C (2014) Impact of the Farakka dam
on thresholds of the hydrologic: flow regime in the
lower Ganges River Basin (Bangladesh). Water
(Switzerland)  6(8):2501-2518.  https://doi.org/10.
3390/w6082501

Gosain AK, Rao S, Basuray D (2006) Climate change
impact assessment on hydrology of Indian river
basins. Curr Sci 90(3):346-353. Retrieved from
http://www.ias.ac.in/currsci/feb102006/346.pdf

Gibling MR (2018) River systems and the Anthropocene:
a late Pleistocene and Holocene timeline for human
influence. Quaternary 1(3):21. https://doi.org/10.3390/
quat1030021

Gierszewski PJ, Habel M, Szmanda J, Luc M (2020)
Evaluating effects of dam operation on flow regimes
and riverbed adaptation to those changes. Sci Total
Environ 710:136202. https://doi.org/10.1016/j.
scitotenv.2019.136202

Graf WL (2006) Downstream hydrologic and geomorphic
effects of large dams on American rivers. Geomor-
phology 79(3—4):336-360. https://doi.org/10.1016/j.
geomorph.2006.06.022

Grillakis MG, Koutroulis AG, Tsanis IK (2011) Climate
change impact on the hydrology of Spencer Creek
watershed in Southern Ontario Canada. J Hydrol 409
(1-2):1-19. https://doi.org/10.1016/j.jhydrol.2011.06.
018

Kampata JM, Parida BP, Moalathi DB (2008) Trend
analysis of rainfall in the headstreams of the Zambezi
River Basin in Zambia. Phys Chem Earth 33(8-—
13):621-625.  https://doi.org/10.1016/j.pce.2008.06.
012

Khan ZA (1987) Paleodrainage and Paleochannel Mor-
phology of a Barakar River (Early Permian) in the
Rajmahal Gondwana Basin, Bihar, India. Palacogeogr
Palaeoclimatol Palaeoecol 58:235-247

Knighton D (1998) Fluvial forms and processes a new
perspective (Ist ed). Routledge, New York

Kiss T, Blanka V (2012) Geomorphology River channel
response to climate- and human-induced hydrological
changes: case study on the meandering Hernad River,
Hungary. Geomorphology 175-176:115-125. https://
doi.org/10.1016/j.geomorph.2012.07.003


http://dx.doi.org/10.1023/a:1005339412565
http://dx.doi.org/10.1023/a:1005339412565
http://dx.doi.org/10.1126/science.1152538
http://dx.doi.org/10.1126/science.1152538
http://dx.doi.org/10.1007/s12665-021-09490-0
http://dx.doi.org/10.1007/s12665-021-09490-0
http://dx.doi.org/10.1007/s40710-016-0190-y
http://dx.doi.org/10.1007/978-3-319-90427-6_8
http://dx.doi.org/10.1007/978-3-319-90427-6_8
http://dx.doi.org/10.1016/j.jhydrol.2010.01.011
http://dx.doi.org/10.1016/j.jhydrol.2010.01.011
http://dx.doi.org/10.1002/rra.3518
http://dx.doi.org/10.1023/B:CLIM.0000013684.13621.1f
http://dx.doi.org/10.1023/B:CLIM.0000013684.13621.1f
http://dx.doi.org/10.1007/s10533-011-9582-2
http://dx.doi.org/10.1007/s10533-011-9582-2
http://dx.doi.org/10.1007/s10533-011-9582-2
http://dx.doi.org/10.1007/s10533-011-9582-2
http://dx.doi.org/10.3390/w6082501
http://dx.doi.org/10.3390/w6082501
http://www.ias.ac.in/currsci/feb102006/346.pdf
http://dx.doi.org/10.3390/quat1030021
http://dx.doi.org/10.3390/quat1030021
http://dx.doi.org/10.1016/j.scitotenv.2019.136202
http://dx.doi.org/10.1016/j.scitotenv.2019.136202
http://dx.doi.org/10.1016/j.geomorph.2006.06.022
http://dx.doi.org/10.1016/j.geomorph.2006.06.022
http://dx.doi.org/10.1016/j.jhydrol.2011.06.018
http://dx.doi.org/10.1016/j.jhydrol.2011.06.018
http://dx.doi.org/10.1016/j.pce.2008.06.012
http://dx.doi.org/10.1016/j.pce.2008.06.012
http://dx.doi.org/10.1016/j.geomorph.2012.07.003
http://dx.doi.org/10.1016/j.geomorph.2012.07.003

126

Latrubesse EM, Stevaux JC, Sinha R (2005) Tropical
rivers. Geomorphology, 70(3—4 SPEC. ISS.):187-206.
https://doi.org/10.1016/j.geomorph.2005.02.005

Mahmood A (1999) Statistical methods in geographical
studies (Ist ed). Rajesh Publications, New Delhi

Magilligan FJ, Nislow KH (2005) Changes in hydrologic
regime by dams. Geomorphology 71(1-2):61-78.
https://doi.org/10.1016/j.geomorph.2004.08.017

Middelkoop H, Daamen K, Gellens D, Grabs W,
Kwadijk JCJ, Lang H, ... Wilke K (2001) Impact of
climate change on hydrological regimes and water
resource management in the Rhine River Basin.
Climatic Change 105:128.https://doi.org/10.1023/a:
1010784727448

Milliman JD, Farnsworth KL, Jones PD, Xu KH,
Smith LC (2008) Climatic and anthropogenic factors
affecting river discharge to the global ocean, 1951—
2000. Glob Planet Chang 62:187-194. https://doi.org/
10.1016/j.gloplacha.2008.03.001

Mittal N, Mishra A, Singh R, Bhave AG, Van Der
Valk M (2014) Flow regime alteration due to anthro-
pogenic and climatic changes in the Kangsabati River
India. Ecohydrol Hydrobiol 14(3):182-191. https:/
doi.org/10.1016/j.ecohyd.2014.06.002

Moran-Tejeda E, Lopez-Moreno JI, Ceballos-Barbancho
A, Vicente-Serrano SM (2011) River regimes and
recent hydrological changes in the Duero basin
(Spain). J Hydrol 404(3-4):241-258. https://doi.org/
10.1016/j.jhydrol.2011.04.034

Pal S (2016) Impact of Massanjore dam on hydro-
geomorphological modification of Mayurakshi River,
Eastern India. Environ Dev Sustain 18(3):921-944.
https://doi.org/10.1007/s10668-015-9679-1

Panda DK, Kumar A, Ghosh S, Mohanty RK (2013)
Streamflow trends in the Mahanadi river basin (India):
linkages to tropical climate variability. J Hydrol
495:135-149. https://doi.org/10.1016/j.jhydrol.2013.
04.054

Salmi T, Maitta A, Anttila P, Ruoho-Airola T, Amnell T
(2002) Detecting trends of annual values of atmo-
spheric pollutants by the Mann-Kendall test and Sen’s
slope estimates—the Excel template application
MAKESENS. Finnish Meteorological Institute

Sen PK, Prasad N (2002) An Introduction to the
Geomorphology of India. Allied Publishers Pvt. Ltd.,
New Delhi

Sharma RH, Shakya NM (2006) Hydrological changes
and its impact on water resources of Bagmati water-
shed Nepal. J Hydrol 327(3—4):315-322. https://doi.
org/10.1016/j.jhydrol.2005.11.051

Singh RL (1971) India: a regional geography. National
Geographical Society of India, Varanasi

S. Sarathi Biswas and P. Pani

Smith LC (2000) Trends in Russian Arctic river-ice
formation and breakup, 1917 to 1994. Phys Geogr 21
(1):46-56.  https://doi.org/10.1080/02723646.2000.
10642698

Steele-Dunne S, Lynch P, McGrath R, Semmler T,
Wang S, Hanafin J, Nolan P (2008) The impacts of
climate change on hydrology in Ireland. J Hydrol 356
(1-2):28-45.  https://doi.org/10.1016/j.jhydrol.2008.
03.025

Tabari H, Talace PH (2011) Temporal variability of
precipitation over Iran: 1966-2005. J Hydrol 396(3—
4):313-320. https://doi.org/10.1016/j.jhydrol.2010.11.
034

Tomer MD, Schilling KE (2009) A simple approach to
distinguish land-use and climate-change effects on
watershed hydrology. J Hydrol 376(1-2):24-33.
https://doi.org/10.1016/j.jhydrol.2009.07.029

Uday Kumar A, Jayakumar KV (2018) Assessment of
hydrological alteration and environmental flow
requirements for Srisailam dam on Krishna River,
India. Water Policy (August), 1176-1190. https://doi.
org/10.2166/wp.2018.203

Uday Kumar A, Jayakumar KV (2020) Hydrological
alterations due to anthropogenic activities in Krishna
River Basin India. Ecol Ind 108:105663. https://doi.
org/10.1016/j.ecolind.2019.105663

Xu K, Milliman JD, Xu H (2010) Temporal trend of
precipitation and runoff in major Chinese Rivers since
1951. Glob Planet Chang 73(3—4):219-232. https://
doi.org/10.1016/j.gloplacha.2010.07.002

Xu K, Millima JD, Yang Z, Xu H (2007) Climatic and
anthropogenic impacts on water and sediment dis-
charges from the Yangtze River (Changjiang), 1950-
2005. Large Rivers: Geomorphol Manag, 609—-626.
https://doi.org/10.1002/9780470723722.ch29

Xu YP, Zhang X, Ran Q, Tian Y (2013) Impact of climate
change on hydrology of upper reaches of Qiantang
River Basin, East China. J Hydrol 483:51-60. https://
doi.org/10.1016/j.jhydrol.2013.01.004

Zhang Q, Xu C, Zhang Z, Chen YD, Liu C (2009) Spatial
and temporal variability of precipitation over China,
1951-2005. Theor Appl Climatol 95(1-2):53-68.
https://doi.org/10.1007/s00704-007-0375-4

Prasad N, Gupta SP (1982) Streamline surface of the
barakar basin-a perspective of landscape evolution. In:
Sharma HS (ed) Perspective in geomorphology (vol 4)
Essay on Indian geomorphology. Concept Publishing
Company, New Delhi, pp 103-108


http://dx.doi.org/10.1016/j.geomorph.2005.02.005
http://dx.doi.org/10.1016/j.geomorph.2004.08.017
http://dx.doi.org/10.1023/a:1010784727448
http://dx.doi.org/10.1023/a:1010784727448
http://dx.doi.org/10.1016/j.gloplacha.2008.03.001
http://dx.doi.org/10.1016/j.gloplacha.2008.03.001
http://dx.doi.org/10.1016/j.ecohyd.2014.06.002
http://dx.doi.org/10.1016/j.ecohyd.2014.06.002
http://dx.doi.org/10.1016/j.jhydrol.2011.04.034
http://dx.doi.org/10.1016/j.jhydrol.2011.04.034
http://dx.doi.org/10.1007/s10668-015-9679-1
http://dx.doi.org/10.1016/j.jhydrol.2013.04.054
http://dx.doi.org/10.1016/j.jhydrol.2013.04.054
http://dx.doi.org/10.1016/j.jhydrol.2005.11.051
http://dx.doi.org/10.1016/j.jhydrol.2005.11.051
http://dx.doi.org/10.1080/02723646.2000.10642698
http://dx.doi.org/10.1080/02723646.2000.10642698
http://dx.doi.org/10.1016/j.jhydrol.2008.03.025
http://dx.doi.org/10.1016/j.jhydrol.2008.03.025
http://dx.doi.org/10.1016/j.jhydrol.2010.11.034
http://dx.doi.org/10.1016/j.jhydrol.2010.11.034
http://dx.doi.org/10.1016/j.jhydrol.2009.07.029
http://dx.doi.org/10.2166/wp.2018.203
http://dx.doi.org/10.2166/wp.2018.203
http://dx.doi.org/10.1016/j.ecolind.2019.105663
http://dx.doi.org/10.1016/j.ecolind.2019.105663
http://dx.doi.org/10.1016/j.gloplacha.2010.07.002
http://dx.doi.org/10.1016/j.gloplacha.2010.07.002
http://dx.doi.org/10.1002/9780470723722.ch29
http://dx.doi.org/10.1016/j.jhydrol.2013.01.004
http://dx.doi.org/10.1016/j.jhydrol.2013.01.004
http://dx.doi.org/10.1007/s00704-007-0375-4

Jayesh Mukherjee
Pravin Patel

Abstract

River responses to endogenic perturbations and
climatic attributes lead to the morphological
development of basins, the quantification of
whose terrain facets to decipher the ambient
process-response mechanisms has long been an
important aspect of geomorphological studies.
The availability of newer, higher resolution
datasets, however, entail that past exercises in
this domain be looked at anew, in terms of the
greater sensitivity and diversity of information
that can now be extracted/collated. Here, we
combine classical and modern morphometric
methods to examine the terrain characteristics
of the Kharkai River Basin in eastern India,
with this basin chosen for its diversity of
landforms and human activities. While tradi-
tional methods have been based on eliciting
terrain information from topographical maps,
we use a higher resolution Digital Elevation
Model (DEM) to extract such attributes. The
stream network was derived using flow-routing
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and flow accumulation algorithms and a net of
1 km Xx 1 km grids was overlain on the DEM
to compute various morphometric parameters.
These were combined using Principal Compo-
nent Analysis to demarcate  distinct
physiographic/landscape entities, in conjunc-
tion with the corresponding lithological and
soil attributes of the area. Multi-temporal land
cover and land use layers extracted from
Landsat datasets were overlain on the extracted
terrain units to estimate changes in the same
across different landscape types. The demar-
cated terrain units strongly correlated with the
lithology, as expected, and this also controlled
local slope and drainage development. More
rugged locales had greater vegetation cover but
were also threatened by deforestation due to
agricultural expansion and mining.

Keywords

Geospatial techniques + Terrain analysis -
Geomorphometry - Kharkai River -+ Map
overlays + Image processing

6.1 Introduction

The term ‘Morphometry’ was initially adopted by
De Martonne (1934), and ‘morphometric meth-
ods’ encapsulate the numerical characterization of
different landform/landscape attributes/elements
as enumerated from digital elevation datasets or
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from topographical maps. Morphometry, then is
widely considered as the mathematical measure-
ment of the Earth’s surface together with the
shape, dimension and distribution of its con-
stituent landforms (Clarke 1996; Agarwal 1998;
Obi Reddy et al. 2002; Vaidya et al. 2013; Singh
et al. 2014; Asfaw et al. 2019). This provides the
basis for ‘quantitative geomorphology’ and as
such can be viewed as the means of creating a
‘census handbook of the landform’ with a purpose
to provide an empirical description of its inherent
characteristics without delving into or trying to
formulate a hypothesis of its origin. The main
aspects of the landform features which provide the
differentiating characteristics and which can be
studied from a topographical map are (Hammond
1954)—the area (surface arrangement), altitude,
relief and volume (horizontal dimension) and the
slope (deviation of the surface from the horizon-
tal). All these individual elements, along with the
overall different aspects of the drainage basin
within which they are situated, are investigated in
morphometric examinations and terrain analysis.

The eventual aim of these analyses is terrain
characterization leading to terrain modelling (Patel
and Sarkar 2010), not only to decipher just the
general surface attributes but also garnered towards
any type of geo-applications. Investigating such
indicators helps reveal the geo-hydro morphological
functioning of drainage basins (Horton 1945; Evans
1972, 1984), which encapsulates ambient factors
like climate, topography (Strahler 1952, 1964;
Chorley et al. 1984), structure (Shreve 1969; Mer-
ritts and Vincent 1989; Oguchi 1997), tectonics and
its geomorphology (Mueller 1968; Ohmori 1993;
Cox 1994; Burrough and McDonnell 1998; Hurtrez
et al. 1999). Hence, such attributes are crucial fac-
tors in gauging landscape evolution (Goodbred
2003; Das et al. 2018a) and profoundly impact the
basin network (Zhang 2005; Das et al. 2018b)
developed within a watershed. The combined
assessment of these characteristics successfully
mirror the overall denudational evolution of a
locale (Patel et al. 2021). Thus, any landscape is
readily explainable with the help of morphometry,
in terms of architectural unevenness and watershed
characteristics, that together with the underlying
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hydro-geological processes have been operative in
creating the present landforms (Horton 1932; Smith
1958; Miller 1953; Soni 2017; Gizachew and Ber-
han 2018; Asfaw et al. 2019), and in enabling soil
erosion and other surficial processes (Khare et al.
2014; Asfaw et al. 2019).

Thus geomorphometry intertwines principles
from mathematics, computer science and earth
system analysis (or simple morphometry). This
field has been revolutionized by geocomputational
advances over the last three decades and the greater
development and availability of coarser and higher
resolution digital elevation models (DEMs)
(Maune 2001). Morphometric exercises are now
largely undertaken through various geographic
information systems (GIS) or dedicated software
suites. Newer remotely sensed datasets and rele-
vant methods have simplified terrain and hydro-
morphometric analyses of drainage basins from
DEMs (Jensen 1991; Wise 2000; Aparna et al.
2015; Patel 2013; Patel et al. 2016; Gutema et al.
2017; Gizachew and Berhan 2018; Kabite and
Gessesse 2018; Afsaw et al. 2019). Harinath and
Raghu (2013) have further explained how in situ
methods of landscape and terrain evaluation are
laborious, time consuming and capital intensive,
while geomorphometric analysis provides far
easier evaluative measures of drainage basins.

However, continuously representative sur-
faces are hard to characterize using traditional
measures and newer various parameters have
been framed to enumerate terrain facets that older
measures may fail to describe. Two such meth-
ods are the ‘terrain fabric’ (Guth 2001) and the
surface ‘openness’ (Yokoyama 2002) parame-
ters. Terrain fabric characterization is the proba-
bility that a surface is organized as linear ridges
rather than as isotropic topography, while open-
ness reveals the dominance of exposure over
enclosure of a site. Yet many computed variables
are similar in nature, e.g. the hypsometric inte-
gral and elevation skewness parameters are quite
similar (Pike 2001). Currently, DEM analysis
could be best termed as ‘a modern, analytical,
cartographic approach to represent the bare-earth
topography by the computer manipulation of
terrain heights’ (Tobler 2000).
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Landscape interlinkages form the basic foun-
dation of the economy in most developing coun-
tries, encapsulated by its water and land attributes
(Chattopadhyay and Carpenter 1990). Surface
drainage characteristics have been quantified and
mapped worldwide, mostly employing traditional
methods (e.g. Horton 1945; Morrisawa 1959;
Langbein and Leopold 1964; Strahler 1954, 1957,
1964). Such analyses have aimed to assess drai-
nage properties by measuring various channel
network aspects, e.g. stream ordering, watershed
area and perimeter extents, drainage length, den-
sity and frequency, bifurcation and texture ratios
(Kumar et al. 2000), to mention but a few. For
such quantitative characterization of a watershed,
measurements of linear/areal aspects, stream gra-
dients and valley slopes are required (Kumar et al.
2000; Nag and Chakraborty 2003; Krishnamurthy
1996; Vijith and Satheesh 2006). These analyses
help reveal the ambient drainage character and its
interactions with the local topography (Obi Reddy
et al. 2002, 2004; Sutradhar 2020).

The underlying geology, exogenic and endo-
genic processes and major climatic alterations
profoundly influence drainage network develop-
ment (Ghosh 2016), the genesis and morphology
of landforms, soil properties and the alterations
in present-day land use and land cover due to
both natural and anthropogenic stimuli, causing
degradation (Subhramanyan 1981; Javed et al.
2009, 2011; Altaf et al. 2014; Islam and Barman
2020). Morphometric aspects are thus used in
various catchment-based assessments like terrain
analysis (Patel and Sarkar 2010), delineation of
geomorphological features, quantitative geo-
morphology and watershed prioritization (Sarkar
and Patel 2011, 2012).

The novelty of this research is its combining
of traditional and the modern morphometric
techniques to bridge the remaining gaps found
across the literatures that either use the newer or
the more conventional morphometric techniques
to explain river basin landscapes. This work
underlines  the multi-temporal  alterations
observed along different topographic classes
occurring over various morphogenetic regions
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using statistical measure like factor score, which
helps to decipher a new comparative way of
investigating and comprehending the river basin
landscape. This in turn will also help to identify
those areas in urgent need of attention in terms of
effectuating proper land and water preservation
exercises.

The major objectives of the present research
thus include extraction and exploration of the
structural properties of the Kharkai River basin,
underlining its terrain aspects using conventional
grid-based morphometry and more recent GIS-
based automated algorithms. The second objec-
tive is to understand the relation between the
geomorphometric parameters using statistical
measures like Principal Component Analysis
(PCA) to delineate distinct terrain units present
within the basin, highlighting their erodibility
and validating the results obtained from geo-
morphometric evaluation. The final objective is
to bring out the multi-temporal changes occur-
ring within the river basin by detecting the land
use and land cover (LULC) alterations across the
past thirty years, which would help pinpoint
areas that need attention for implementing land
and water conservation practices.

6.2 Materials and Methods

6.2.1 Database

The methodology followed in this study requires
diverse datasets from four main sources—the
remotely sensed SRTM DEM (Shuttle Radar
Topographic Mission Digital Elevation Model)
tiles and the LANDSAT imageries of the study
area from the Earth Explorer repository of the
USGS (United States Geological Survey)
(https://earthexplorer.usgs.gov/); Survey of India
topographical maps for corroboration of river
basin outline and DEM-extracted stream net-
work; and finally geology, lithology and geo-
morphology maps from the Geological Survey of
India quadrangles. Table 6.1 lists the data types
and their respective sources in detail.


https://earthexplorer.usgs.gov/
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Table 6.1 Enumerated list of parameters in the present study

SL. Parameters Data Data source Scale/resolution Time
No type period
1. Elevation, Raster SRTM DEM (USGS), version 3.0 30 m September,
Terrain & 2014
Drainage
2. Topography & Line and Survey of India Topographical Maps, 1:50,000 2006
Kharkai River polygon Sheet Numbers—73F/5, F/6, F/7, F/9,
Channel coverage F/10, F/11, F/12, F/13, F/14, F/15,
F/16; 73 1/2,3/3, J/4, 317, J/8; 73 K/1
and K/5
3. Geology & Polygon Geological Survey of India 1:250,000 2006
Lithology coverage Quadrangles
4. Geomorphology | Polygon Geological Survey of India 1:250,000 2006
coverage Quadrangles
5. Land use & Raster Landsat TM 4-5 C-1 Level-1 and 30 m December,
Land cover Landsat 8 OLI/TIRS C1 Level 1; 1990 &
Paths/Rows: 140—44 & 140—45 April, 2020

6.2.2 Data Analysis

The analysis undertaken was to primarily extract
the terrain information on various GIS platforms
like MaplInfo Professional GIS and ArcMap 10.3,
while other allied mapping and statistical soft-
ware like Whitebox GAT-3.4, SAGA GIS 7.5
and IBM SPSS-23 were used for creating the
geo-database. Terrain aspects and drainage net-
works were demarcated and extracted and then
the attribute data pertaining to the stream and
basin parameters were attached accordingly to
generate the required database for producing
the maps. Three-dimensional (3-D) surfaces of
relevant geomorphic parameters of the basin
were subsequently generated and the respective
isopleth maps prepared. Map overlays were done
to show spatial relations between different attri-
butes. The empirical relationships derived
between the various morphometric variables—
liner, areal, relief attributes enabled terrain clas-
sification for demarcating distinct physiographic
units within the basin using PCA-based factor
analysis and hierarchical clustering. These were
validated and correlated with the existent LULC
types and patterns.

6.2.3 Extraction of Morphometric
Parameters

Following conventional practice, the entire river
basin was covered by grids of 1 km x 1 km
dimension for extraction of the morphometric
attributes for each grid and this starts with the
visual analysis of the DEM surface to distinguish
various relief features (Patel 2012). This was
followed by the correlation of the ascertained
relief features with the basin geology by draping
the litho-cover map over the DEM surface and
the generation of contours at 10 m interval. The
extraction of stream networks using the D8
method of flow routing and flow accumulation
methods then followed, with this eliciting a more
denser river network than is usually obtainable
from topographical maps (Patel and Sarkar 2009;
Das et al. 2016). The grid-wise extraction of
various morphometric parameters like maximum
grid elevation, mean grid elevation, relative
relief, average slope, dissection index, stream
[frequency, hypsometric integral surrogate, drai-
nage density and texture and ruggedness index
was done subsequently. Through interpolation of
the extracted parameter values from the centroid
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of each morphometric grid using triangulation
technique- inverse distance weighted (IDW), the
respective isoline maps were generated. Com-
putation of numbers of grids and amount of basin
area falling under the respective iso-zones in
each isoline map generated above led to the
preparation of frequency or percentage area his-
tograms on this basis. The other terrain mor-
phometric parameters such as terrain surface
texture, terrain surface convexity, topographical
wetness index and topographical position index
were calculated based on automated algorithms
which are already coded in a GIS environment
and can thus be extracted directly from the input
DEM tiles. Brief explanations of the enumerated
parameters are as follows:

e Mean elevation: The average altitude within
each grid is recorded on the basis of enu-
meration of all the DEM pixels falling within
it.

® Relative relief: Considered as the ‘amplitude
of available relief’ or ‘local relief’, it is the
elevation difference between the lowest and
highest points in an areal unit (Smith 1935).

e Average slope: Slopes (the angular terrain
inclinations between the ridge crest and valley
bottom) result from the combination of the
local geological structure, absolute/relative
relief, vegetation cover, climate, drainage
and degree of dissection. It is a vector quantity
and Wentworth (1930) put forward a method
for the calculation of the average slope of an
area (in degrees). In this method, however, the
counting of contour crossings does not strictly
take into account the nature of the gradient
since the same contour may cut a grid on
numerous occasions and thus a higher slope
value will be obtained which is not actually
the case. Furthermore, the sensitivity of the
derived slope value is dependent on the con-
tour interval and the smaller the contour
interval, the better minor gradient changes can
be enumerated.

e Dissection index: It is the ratio of the relative
relief and the highest elevation in a grid, and
indicates the dissection/magnitude of a terrain.
‘It takes into account the dynamic potential

state of the area as well, i.e., the ratio between
relative relief (relief energy) and the perpen-
dicular distance from the erosion base’ (Miller
1953; Nir 1957). The classification of the
dissection index values is as follows (modified
from Kumar and Pandey 1982): less dissected
(below 0.1), medium dissected (0.1-0.3),
much dissected (0.3-0.6), highly dissected
(above 0.6). The values for the dissection
index so derived vary between O (when the
entire depth of altitude is dissected) and 1
(where minimum altitude is equal to the
maximum altitude—no dissection has taken
place). It reveals gently rolling uplands and
dissections in mountainous areas particularly
(Pal 1972). This index can be indicative of the
erosional cycle stage, with old, mature and
young stages related to dissection values.

e Hypsometry surrogate: The grid-wise Hyp-
sometric Integral (HI) was computed across
the basin surface as proposed by Pike and
Wilson (1971).

o Terrain Surface Texture: Terrain textures
consider relief (Z factor) and spacing (X, Y
factors), which represent measures of spatial
intricacy per unit area, incorporating the
drainage density and slope curvature. This
measure highlights the ‘fine-versus coarse
expression of topographic spacing’, i.e. the
‘grain’ (Ayalew and Yamagishi 2004; Iwa-
hashi and Pike 2007), and was earlier referred
to as ‘frequency of valleys and ridges’ or
‘roughness’ (Iwahashi 1994; Iwahashi and
Kamiya 1995; Iwahashi et al. 2001).

o Terrain Surface Convexity: For automatic
classification of a high gradient topography,
slope gradient and surface texture of the
topography play a combinational and funda-
mental role, but are inadequate to classify low
relief features, for instance, segregating older
river terraces from the younger ones. So in
order to better demarcate these, the local con-
vexity or positive surface curvature was uti-
lized by Iwahashi and Pike (2007). It is
commonly seen that low surface convexity
conforms to broad valleys and mountain foot
slopes, while higher values are typically asso-
ciated features like alluvial fans or terraces.
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o Topographical Wetness Index: The TWI

parameter measures the relief effect on the
generation of runoff (O’Loughlin 1986) and
thereby approximates surface saturation zones
(Beven and Kirkby 1979; Barling et al. 1994).
Similar TWI value zones are likely to behave
in a similar hydrological manner when pre-
cipitation occurs, if the other ambient condi-
tions match (Qin et al. 2011). The TWI
depends on the algorithms used to compute
the upslope contributing area and the slope
gradient (Qin et al. 2009).

Topographical Position Index: The TPI
parameter (Guisan et al. 1999) is an automated
algorithm meant for measuring topographic
slope positions and enable landform classifi-
cation. It has been used in geology (Mora-
Vallejo et al. 2008; Deumlich et al. 2010; Il1és
et al. 2011), geomorphology (Tagil and Jen-
ness 2008; Liu et al. 2009; McGarigal et al.
2009; De Reu et al. 2013), hydrology (Less-
chen et al. 2007; Francés and Lubczynski
2011; Liu et al. 2011) and many more to such
allied branches and quantifies the elevation
difference of a central point and the mean
elevation within a predetermined radius from
it (Gallant and Wilson 2000; Weiss 2000,
2001). Positive TPI values are discerned for
central point that are located above their sur-
roundings, and negative values indicate lower
topographic positions. The TPI range thus
depends on the predetermined radius and
elevation difference (e.g. Grohmann and Ric-
comini 2009). Higher predetermined radius
values usually denote major landforms while
lower values correspond to minor valleys and
ridges (De Reu et al. 2013).

Stream frequency: It denotes the total number
of streams flowing per unit area (Horton 1945)
and is closely related with the drainage den-
sity, and the various parameters that influence
drainage density. It is indicative of the nature
of runoff in an area, giving insights into the
overland flow length and channel spacing. To
compute it, all drainage lines were clipped
using each morphometric grid and the number
of channel segments lying within each grid
were counted. The sum of the length of each
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of these drainage lines is later used while
computing the grid-wise drainage density.

e Drainage density: Horton (1945) enumerated

this as the ratio of the sum of all stream
lengths within the basin to its total area. As a
principal component of the landscape that
could be investigated using maps and aerial
photographs, drainage density has been the
subject of numerous studies with the under-
lying belief being that if the numerous inde-
pendent variables that control drainage
density could be quantitatively related to it,
the results would be of great academic interest
and practical value (Schumm 1956; Lin and
Oguchi 2004). Thus, it is an important vari-
able that has been related to climate change
(Rodgriguez-Iturbe and Escobar 1982;
Moglen et al. 1998), slope failure (Oguchi
1997), hillslope processes (Tucker 1998),
stream flow (Dingman 1978; Carlston 1966),
flood peaks (Pallard et al. 2009; Ogden et al.
2011), mean annual discharge and sediment
yields (Branson and Owen 1970; Wasson
1994; Binger et al. 1997; Biswas et al. 1999).
It has also been used to detect variations of
rock types and structure by photo-geologists
to document the stage of erosional evolution
of a drainage system and in land reclamation
studies.

e Drainage texture: Postulated by Smith

(1950), it is obtained by multiplying the stream
frequency and drainage density parameters,
and is indicative of the mesh of drainage lines
that have developed over a surface. Thus
indirectly, it also points towards the lithologi-
cal, structural, pedological and climatic set up
of an area. The scale of drainage texture after
Pal (1972) is coarse (<4), intermediate (4—10),
fine (10-50) and ultrafine (>50).

® Ruggedness index: It is a parameter used to

describe how rugged the terrain is (Horton
1945), with terrain ruggedness being a feature
of areas having high relief variations as a
result of dissection sub-aerial denudational
processes. The more dissected the topography,
the more rugged it appears, being a combined
expression of relief, texture and slope
steepness.
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6.3 Study Area
6.3.1 River Course and Basin
Physiography

The Kharkai River flows due NNE (north north-
east) and then NNW (north north-west) for a
distance of 63 km from its source in the
Bamanghati—-Kolhan upland area through the
Singhbhum plain, before the river takes a sharp
turn due east within the Achaean terrain of
southern Singhbhum that includes areas of
Jharkhand and Odisha (Fig. 6.1). The Kharkai
follows a roughly east north-east (ENE) course
till it confluences with the Subarnarekha, its
trunk stream, at Adityapur near Jamshedpur in
Saraikela-Kharsawan  district of Jharkhand
(Fig. 6.1). The river basin covers approximately
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6255.75 sq.km. and has a perimeter of about
774.05 km.

The Kharkai, with a width of 15 to 30 m, has a
meandering course and a steep gradient for the
first 40 km of its course and a relatively steeper
gradient between the 350 and 225 m contours,
situated mainly within the iron ore series of rocks.
Part of the gentle gradient section is found in the
NNW course and the rest is in the eastern course
on either side of the abrupt right-angled turn in the
Kharkai River beyond Chaibasa. The upper
reaches are marked by meandering index (mean)
of 1.3 with a mean gradient 1:30 and 1:350 for the
southern and northern segments, respectively.

This Kharkai Basin mostly covers the south-
western part of Subarnarekha basin, and geo-
morphologically it consists of a several distinct
planation surfaces at varying altitudes (Fig. 6.2).

85°20'E 85°30°E 85°40E 85°50'E 86°0'E 86°10'E 86°20'E 86°30'E
Z 1 1 1 1 1 1 1 1 ra
X B
e el
e
——
£ a R | £
] 4 &
a1 5/\1 el
- -3
] ]
4 R\ Lo
; € /
£ e 1% £
= - % =
4 /j "4 & x|
o e ]
- 7

" \ .
S 1 -
o ol
=1 w =l
S L=
5 (J 5
1 [}
£ w z
& 0 5 10 20 30 40 aan. 4
Km
T T T T T T
85920E 85°30'E 85°40'E 85°50'E 86°0'E 86°10'E 86°20'E 86°30°E
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Fig. 6.2 Digital elevation model of the Kharkai River Basin, showing the elevation distribution and representative
surface profiles with major planation surfaces

The elevation is between 960 and 130 m,

respectively, with the altitude range being

rim built up by the Bamanghati—Kolhan upland
and the northern Porahat hill formations. This

830 m. The highest surface is along the southern rises to over 600 m. above sea level, within
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which the river's meandering index varies from
1.2 to 1.38 and mean gradient is 1:30. This
ridgeline actually forms the water divide in
between the Koel (South), Baitarani and Sub-
arnarekha drainage systems. The second surface
within which the river has a meandering index
from 1.2 to 1.38 and mean gradient less than
1:350, lies below an average altitude of 600 m. It
is an extensive belt stretching in an irregular
manner, thus fencing the basin in its north, west
and southern part in a striking way. This planation
surface rises to above 300 m and corresponds
mostly to the iron ore series and Singhbhum
granite formations (Mukhopadhyay 1980).

6.3.2 Climatic Attributes and Soil
Cover

This river basin has a tropical monsoon climatic
regime with alternate dry and wet seasons (Singh
1975). The hot weather commences in March
and temperatures rise sharply till May, when the
mean monthly temperature is between 29 and
32 °C. During the summer southwest monsoon
(June—October), the rainfall received is between
100 and 150 cms, which is almost 90% of the
total. Since, the Kharkai is seasonal, its discharge
is highest during July—August, with a strongly
leptokurtic hydrograph. January has the lowest
temperatures (mean of around 16.4 °C).

The soil cover varies according to the parent
rock and mostly contains high ferric oxide and
bauxite, which tinges them red. A mixture of
lateritic, black and red soils is  predomi-
nantly found over the area. These soils range from
laterite and lateritic soils on the high plateau sur-
faces in the north along Dalbhum and in the south
around Simlipal (Singh 1975). Yellow grey loams
and black and brown soils are found within valley
floors or in predominantly lowland areas along the
trunk stream of Kharkai and its major tributaries.
The tertiary soils contain gravel and grit with high
alluvial content at Adityapur where the Kharkai
meets the Subarnarekha. Loams of reddish yellow
variety are found here with marked lateritic forma-
tions due to intense leaching by pluvial events,
which are eroded and reworked by the initial stream
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orders that dissect the river basin. Admixture of
kaolin, siliceous matter and potash makes the soils
here wet and sticky, retaining moisture for a long
time but which become hard and friable when dry.

6.3.3 Basin Lithology

The area is principally underlain by Precambrian
igneous and metamorphic rocks (Fig. 6.3a). Some
sedimentary rocks are found along the courses of
the main channels and there are some laterite
patches in the area. The majority of the exposed
rocks are granitoids, which are often weathered
and fractured and have gneissic banding. Besides
these, amphibolite and metabasics intrusions
occur within the granitoid mass. The basin also
contains a great variety of sheared and foliated
formations since it is situated along and close to
some major shear zones and fault lines that have
created great contortions in the surface topogra-
phy, forming twisted linear ridges (Mahadevan
2002). The sedimentaries usually occupy higher
elevations, overlying the basics and metamorphics
below. The sheared rocks are of many varieties
and show different stages of prograding meta-
morphism, with the presence of micas, phyllites,
schists, migmatites and gneiss.

The entire basin area may broadly be divided
into two broad geological provinces though even
within these two major divisions, there are the
occasional patches of rocks of a differing char-
acter (Fig. 6.3b). This first group comprises
Achaeans of granite and gneiss and such meta-
igneous rocks, in the central and southern part of
the basin. The second group is an amalgamation
of sheared, heavily contorted and foliated rocks
belonging to the schist and phyllite group (cen-
tering around large formations of quartzites) that
are cut and intruded into by many formations of
amphiboles and pyroxenes in the northern to
central portion of the basin. This group shows a
wider variety of lithological variations than the
first one that is largely uniform, except where
intruded into by amphiboles and epidiorites in
the extreme south, along linear narrow ridges.
All formations are intruded by pegmatites and
quartz veins in lineament swarms.
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Fig. 6.3 Landscape attributes- a Detailed lithological units, b Broad lithological groups, and ¢ Geomorphological units

6.3.4 Basin Geomorphology

The plateau landscape is heavily eroded by the
drainage network of the Kharkai and its major
tributaries. The pediment-pediplain complex
comprises almost 70% of the basin landscape
(Fig. 6.3c). Next is the moderately dissected
denudational hills and valleys along the edges of
the river basin which account for 16.5% of the
landscape while moderately dissected structural
hills and valleys comprise the higher elevations
and form 8.5% and are the source regions of
most streams. Only 1% of the basin geomorphic
constituents is comprised of highly dissected

structural hills and the smaller geomorphic units
are very localized, contributing less than 1% of
the landscape.

6.4 Results and Discussions
6.4.1 Enumerated Morphometric
Parameters

Morphometric parameters consider variations
in terrain attributes (shape/shape/alignment) and
there are several parameters that reveal the
varying aspects of the spatial geometry of the
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Table 6.2 Morphometric parameters used for terrain analysis of the Kharkai River Basin
Parameter Morphometry Morphometric Enumeration References
type base parameters
Terrain Grid Mean Average elevation of the river basin
elevation
Relative relief Maximum Elevation—Minimum Elevation Smith
(1935)
Average slope tan"' (N * CI)/636.6) Wentworth
(N = Average no. of contour crossings in (1930)
each grid, CI = Contour Interval and 636.6 is
a constant)
Dissection Relative Relief/Absolute Relief Miller
index (1953) and
Nir (1957)
Surrogate of (Mean Elevation—Minimum Elevation)/ Pike and
hypsometry Relative Relief Wilson
(1971)
Automated Terrain surface Spatial intricacy per unit area (i.e. drainage Iwahashi
algorithm texture density and changes in sign of slope aspect or  and Pike
curvature) (2007)
Terrain surface Segregation of high and low relief features
convexity
Topographical log [Flow Accumulation/tan (Slope in Beven and
wetness index degree)] Kirkby
(1979)
Topographical Measuring topographic slope positions and to  Guisan et al.
position index automate landform classifications (1999)
Drainage Grid Stream No. of Stream segments flowing through a Horton
frequency grid/Grid Area (1945)
Drainage Total Length of Streams of all order/Grid
density Area
Drainage Drainage Density x Stream Frequency Smith
texture (1950)
Terrain & Ruggedness (Relative Relief x Drainage Density)/1000 Horton
drainage index (1945)

landscape, each with their own benefits and
weaknesses. The quantitative interpretation of the
Kharkai River Basin using morphometric tech-
niques provides a standardized scale of mea-
surement and comparison of its various aspects.
The statistical and graphical methods deal mainly
with the relationship of the basin area to each
surface attribute and their cartographical repre-
sentation portrays the total character of the
landscape. The type of morphometry, their
method of extraction, individual formulae and

description used to discuss each of them are
presented in detail (Table 6.2).

The highest mean elevation zones are found
along the extreme northern, north-western, south-
eastern and eastern edges of the basin where it
ranges between 750 and 800 m (Fig. 6.4a). The
lowest values of 50—150 m abound around the
confluence zone of the two major streams in the
north-eastern section. Mostly, the mean elevation
ranges between 150 and 200 m and comprises
the entire central zone of the basin. Numerous
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small streams dissect the higher elevation zones
as they descend to the lower heights. The highest
relative relief zones are observed along the
northern, north-eastern, north-western, south-
eastern and southern fringes of the river basin,
ranging between 400 and 500 m, while rest of
the basin is highly dissected by numerous small
streams for which the relative relief is low,
ranging between 50 and 150 m.

In the Kharkai River Basin, the highest average
slope values are obviously found in the higher
elevation zones, i.e. along the northern and south-
ern periphery, with values between 24° and 30°
(Fig. 6.4b). On the whole, the greatest part of the
basin has slope values ranging between 6° and 12°.
Almost the entire basin area is moderately dissected
(values 0—0.2°) by the Kharkai, its main tributaries
and numerous smaller streams, except a few more
affected patches in the southern, northern and
south-eastern fringes where values are around 0.5°
—0.9°, due to the higher ambient slope and eleva-
tion (Fig. 6.5a). Higher HI values denote a greater
volume of material still to be eroded from within
that basin grid area while lower values point to
more eroded tracts (Fig. 6.5b). Higher dissection
has caused most of the basin landscape to have
relatively lower HI values between 0.2 and 0.4,
while higher values are present along the water
divides to the south-west, south and north, where
they are between 0.6 and 0.8. The higher HI values
in a landscape that is otherwise geologically quite
old are possible indicators of an ambient topo-
graphic disequilibrium (e.g. Guha and Patel 2017).

The terrain surface texture (TST) shows that the
central portion of the basin, through which the major
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rivers drain, have the least values, i.e. below &,
which means that the texture of the terrain surface is
flat and therefore this corresponds to the pediplain-
pediment complex (Fig. 6.6a). The foot slope areas
of the dissected denudational hills are represented in
lighter brown shades, with a value range of 8-16,
and show a higher degree of texture roughness,
while the highest range of > 32 is for the highland
areas having remnants of few structural hills that
are dissected by first order streams. The terrain
surface convexity (TSC) map (Fig. 6.6b) shows that
the higher elevation structural and denudational hills
are having a clear convex slope with a value of more
than 60, and stretching out till the foot slopes or
pediments. Followed by this, the continuation of this
value range of 40-60 clearly shows the undulating
slopes of the pediment areas within the river basin of
the Kharkai. Furthermore, the lowest range values of
the below 20 group is the actual pediplan complex
where the trunk streams of Kharkai and its major
tributaries are continuously eroding the landscape in
due achievement of gradation. The TWI map
(Fig. 6.6c) shows that the Kharkai basin has nega-
tive values, i.e. below —10 in the higher elevation
areas implying that these zones have higher runoff
and least surface saturation. Contrastingly, the pri-
mary drainage area has higher values ranging from —
1 to + 10, indicating how surface saturation along
the stream courses increase and this rises to > 10 in
those tracts that are adjacent to the central drainage
network of the Kharkai and its tributaries.

In the Kharkai basin, the TPI values pre-
dominantly range between —5 and + 5, implying
that the topography is mostly dissected by
denudational process, i.e. the major streams

Fig. 6.4 Traditional morphometric parameters (grid-based evaluation)- a Mean elevation, b Relative relief, and

¢ Average slope
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(Fig. 6.6d). The higher altitude areas show val-
ues > 5, especially in the structural and denuda-
tional hill complex around the fringes of the river
basin. Stream frequencies in the Kharkai basin

range between 10 and 20 stream segments per sq.
km. (Fig. 6.7a), except for some patches in the
south-central, north-eastern and north-western
parts, where the stream frequency is between
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Fig. 6.7 Drainage parameters- a Stream frequency, b Drainage density, and ¢ Drainage texture

25 and 30, along the higher water divides that are
drained by numerous smaller streams. The drai-
nage density map of the Kharkai River basin
(Fig. 6.7b) reveals that almost the entire area has
a drainage density of 3.0 to 4.5 km/sq.km, with
few patches ranging above 4.5 km/sq.km, along
the principal confluence zones of the major trunk
streams of the Kharkai and its tributaries. The
drainage texture map (Fig. 6.7c) shows that
drainage texture values lie between 40 and 70 for
most of the basin, except some zones along the
main stream course and its tributaries where
values range between 90 and 120. Thus, the
region mostly has an ultrafine drainage texture.
Ruggedness index values in the central portion of
the river basin range between 0.0 and 0.3 over
the pediplain complex, with this being an uneven

Table 6.3 Descriptive

Measures RR
statistics for the
enumerated morphometric ~ Mean 73.70
variables Median 32.01
Mode 16.99
Standard 78.51
deviation
Sample 6164.18
variance
Kurtosis 2.19
Skewness 1.65
Range 439.01
Minimum 6.00
Maximum 445.01
Count 6616

Note RR: Relative Relief; AS: Average Slope; DI:

plain or almost flat landscape drained by the
major tributaries and the Kharkai itself (Fig. 6.5
¢). The water divides exhibit greater ruggedness
due to the presence of moderately dissected
structural hills and valleys carved out by the
numerous streams issuing forth therein.

6.4.2 Statistical Analysis
of enumerated
Morphometric
Parameters

The different parameters computed above were
arranged in the geo-database and their respective
descriptive statistics were computed (Table 6.3).

Their  computed  correlation  coefficients
AS DI RI SF DD DT HI
5.80 10.17 0.14 861 230 2332 038
382 0.12 0.07 850 235 19.75 1 0.39
3.15 0.07 000 9.00 0.00 0.00 0.44
492 012 016 412 1.03 17.86 | 0.11
2425 10.01 0.03 1699 1.07 319.07 0.01
1.57 030 639 -0.06 -0.31 1.23 —-0.16
149 1.11 228 0.18 —0.18 1.05 —-0.11
28.11 1 0.61 1.30 29.00 5.43 118.28 0.71
0.00 10.02 0.00 000 0.00 | 0.00 0.02
28.11 1 0.63 1.30 29.00 5.43 118.28 ' 0.73
6616 | 6616 6616 6616 6616 6616 6616

Dissection Index; RI: Ruggedness

Index; SF: Stream Frequency; DD: Drainage Density; DT: Drainage Texture; HI:

Hypsometric Integral
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Table 6.4 Correlation

. RR AS

coefficients among the

enumerated morphometric RR 1.00

parameters AS 0.86 1.00
DI 0.93 0.83
RI 0.72 0.76
SF -029 -0.14
DD  -0.33 -0.17
DT -028  —-0.18
HI 0.05 0.03
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DI RI SF DD DT HI
1.00
0.73 1.00
-0.27 0.15 1.00
—-0.30 0.20 0.83 1.00
—-0.27 0.14 0.93 0.90 1.00
-0.09 -0.22 —-0.35 —=0.40 —=0.37 1.00

Note RR: Relative Relief; AS: Average Slope; DI: Dissection Index; RI: Ruggedness
Index; SF: Stream Frequency; DD: Drainage Density; DT: Drainage Texture; HI:

Hypsometric Integral

(Table 6.4) reveal their interlinkages. Obviously, the
topographic variables (RR, AS, DI and RI) and the
drainage variables (SF, DD and DT) are strongly
and positively correlated among themselves.
Mostly, the drainage and topographic parameters
are inversely related with each other, pointing to the
paucity of drainage development in the higher ele-
vations within the basin and the concentration of
streamlines along the lower valley floors.

6.4.3 Factor Analysis and delineation
of Morphometric Regions

While a correlation matrix states the relationship
type between pairs of variables, factor analysis
employs a ‘factor loadings’ matrix, that distin-
guishes the various ‘basic’ or ‘abstract’ variables,
expressing the relationship level between these
and the original variables and provides a sim-
plified data matrix, i.e. the ‘factor score’ (or
weightings) matrix. Beginning the analysis
without any preconceived ideas as to the relative
importance of the variables, it is initially rea-
sonably presumed that each variable contributes
the same amount of information to the study, and
the lengths of the corresponding vectors are
standardized. To ensure that all the vectors have
the same origin, the mean of each variable is
made equal to zero. Using such standardized
vectors, the cosine of the angle separating any
two vectors equals the coefficient of correlation
between the corresponding variables.

Data reduction from the original eleven vari-
ables to a few significant factors was obtained by
extracting and rotating the factor-loadings
matrix, and the corresponding relationships
were noted in terms of the percentage contributed
to the variance of each variable by each rotated
factor (Table 6.5). Four factors were significant,
as they explained >80% of the total variation.
The initial loadings on Factor-1 seemed to align
closely with the variances. Factor One scores
were thus mapped across the Kharkai Basin
(Fig. 6.8) to derive regions which are the best
representative amalgamation of the combinations
of the different morphometric variables. The
prepared maps show good visual correlation with
the different terrain features and using this a
number of terrain units were demarcated
(Table 6.6). The proportion of basin area falling
under each unit was also enumerated. It shows
that the Kharkai Basin is mostly comprised of an
undulating, at times broken, plain surface with
local higher tracts. The unevenness of topo-
graphic classes is greater in the northern and
western parts of the basin over the zone of frac-
tured and sheared high grade metamorphics than
over the Chota Nagpur granite-gneiss complex
that forms the rest of the region. These maps of
Factor One Scores describe the various types
landforms developed from intensive and contin-
uous riverine erosion. The central part of the
basin has values between —2 and 0, indicative of
gently sloping undulating plains. The northern
fringes show summital convexities and some
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Fig. 6.8 Factor One score-based landscape unit delineation in the Kharkai River Basin- a Planform view, and b 3-D

perspective

hilly peaks, the north-western and west-central
zones show dissected ridges and plateau surfaces
with some intermittent heights. In the south, the
range of topographic variation is from O to 3, i.e.
mostly gentle foot slopes to dissected ridges and
plateau surfaces.

6.4.4 Relating changing LULC
attributes
with the Terrain Units

Modification of the natural landscape by human
activities leaves profound impacts and changing
LULC patterns are a major component of many
current ecological concerns, being recognized as
key drivers of environmental change (Turner
et al. 1993; Igbal and Sajjad 2014). A compara-
tive analysis of LULC units within the Kharkai
basin was thus done to elicit the major changes
within the Kharkai river basin from 1990 to 2020
(Fig. 6.9). There are six major LULC classes
(Table 6.7), which are typically fragmented and
conform to the usual types seen in the Chota
Nagpur Plateau region (e.g. Chatterjee and Patel
2016; Sarkar and Patel 2016) and marked chan-
ges have occurred in each. Water bodies (which
includes ponds and lakes) were seen to shrink
with increasing prevalence of agriculture and
forestry. Vegetation cover has depleted by over
246.99 km” and fallow land have declined by

243.44 km® from 1990 to 2020, with both of
these contributing to more areal coverage under
agriculture, which has seen a sharp rise of 494.38
km?. Settlement coverage and those of mines and
quarries have risen markedly during this time
period, particularly the huge urban expansion of
Jamshedpur and Adityapur, at the mouth of the
river in the north-eastern part of the basin. While
the rivers have also shown a minimal decline in
its share of LULC units by 15.15 km?, this may
be due to image classification issues as well as
from the continuous encroachment onto the river
bed as a result of sand mining and farming on the
principal stream and its tributaries.

The interrelations among the lithology, major
geomorphic units, LULC with the factor-one
score based topographic units and the automated
algorithm-based geomorphometric parameters
needs to be delved into further to understand the
landscape fabric (Table 6.6). Higher TST values
can be well related to the higher topographic
classes discerned from factor one scores (like the
hill summits and summital convexities) as the
maximum and mean values express the high
amount of ruggedness with greater values. The
contrary is observed for the gentle undulating
slopes in the pediment and pediplain complex,
consisting of LULC units like agricultural lands,
water bodies, settlements and fallow lands. The
higher TSC values demarcating the hill tops and
convex slopes of the moderately to highly
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Fig. 6.9 LULC attributes in the Kharkai River Basin for the years- a 1990, and b 2020

dissected denudational hills and valleys pre-
dominantly have natural vegetation cover (for-
ests). The other extreme of the TSC value range
shows that lower mean values represent gentle or
undulating slopes of the pediplain complex
where the convexity is almost nil or near to zero.
In case of TWI values, higher elevation areas
from hill top summits to footslopes, highlight
tracts where the amount of runoff is higher. The
pediplain zone having the major rivers, settle-
ments and agricultural lands are represented by
low TWI scores and are underlain either by the
Chota Nagpur gneiss-granite complex or the
fractured and sheared metamorphic lithology that
contains major intrusions. Lastly, the TPI values
indicate the position of the topographic classes
and is one of the best parameters to validate the
morphometric regions derived based on the fac-
tor one scores. Extremely low TWI scores rep-
resent the central section of the river basin that is
drained by major streams and is therefore ideal
for practicing agriculture due to presence of
major water bodies and available fallow land
cover in the pediplain complex. The higher TWI

values corroborate quite perfectly with the factor
one scores in showing higher elevations (scarp-
lands, summital convexities and the hill summits
majorly) that are moderate to highly dissected.
As is obvious, the nature of the terrain has an
influence on the kind of landscape modification
undertaken within the basin and the different
terrain units demarcated on the basis of the
morphometric attributes. Such modifications of
the ambient geomorphic diversity of the Chota
Nagpur region and its adjoining tracts through
anthropogenic activities are quite common (Patel
and Mondal 2019; Patel et al. 2020), while this
also has a marked impact on the streamside
ecology and degree of riparian naturalness and
vegetation cover (Saha et al. 2020) along the
principal river corridors (cf. Banerji and Patel
2019). The smaller hills and ridges and hill
summits have been largely levelled in a series of
broad terraces to enable cultivation (Fig. 6.10a)
while the higher dissected plateau tracts have
undergone marked clearing in their original
vegetation cover (Fig. 6.10b). In the piedmont-
pediplain zone and the footslopes of the ridges,
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Table 6.7 Changes in LULC observed within the Kharkai River Basin from 1990 to 2020

SL LULC

no class

1 Water
bodies

2 Vegetation

3 River

4 Settlement
Fallow
Agriculture

Years
2020 1990
Area (sq. km.)
18.61 60.31
1547.62 1794.61
97.44 112.59
357.79 304.89
254.37 497.81
3979.92 3485.54

Change Interpretation
matrix 2020
—1990
—41.70 Major shrinkage and drying up of water bodies
—246.99 Depletion of vegetation cover
-15.15 Decrease of riverine drainage due to drying up of
streams and encroachment of river beds for
agriculture
+52.90 Massive urban expansion—Jamshedpur and
Adityapur
—243.44 Major decline in fallow land coverage
+494.38 Major rise of area under agriculture

Fig. 6.10 Google Earth screenshots of LULC changes in
the Kharkai Basin- a Planation and deforestation of the
small hills for agriculture, b Deforestation occurring in
plateau surface and dissected ridges, ¢ Hollowing of
pediplain-piedmont and foot slope areas for local water

harvesting, and d Excavations along gently undulating
surfaces and floodplains for irrigation and transport
infrastructure. Note All images are aligned to north
vertically upwards
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local surface water harvesting measures have
formed landforms of excavation and accumula-
tion (Szabo 2006), with ponds dug up and
mounds of earth piled around (Fig. 6.10c). Along
the gently sloping floodplains and undulating
surfaces by the major stream courses, more
extensive earth-moving measures have ensued to
create transport and irrigation facilities
(Fig. 6.10d). Further assessment of the soil loss
occurring from the basin as a result of these
LULC changes can be discerned by using
methods like the Universal Soil Loss Equation
(Majhi et al. 2021). Further assessment of the soil
loss occurring from the basin as a result of these
LULC changes can be discerned by using
methods like the Universal Soil Loss Equation
(Majhi et al. 2021).

6.5 Conclusion

Landscape characterization has been performed
in this study to develop an understanding about
how different geomorphometric parameters are
derived based on conventional grid system and
from recently developed automated algorithms in
a geospatial environment. The central section of
the Kharkai River basin was found to be heavily
eroded by the principal tributaries and by the
Kharkai itself, while the edges of the river basin
are composed of high to moderately dissected
denudational ridges and some structural hills and
valleys. The various morphometric parameters
were statistically correlated with each another to
delineate distinct terrain units using PCA. Strong
positive correlations were obtained among the
drainage and topographic variables while inverse
relations were elicited between the drainage and
topographic parameters. An abundance of drai-
nage development in the higher elevations and
clustering of major tributaries along the lower
valley floors was discerned. The correlation
matrix was further used to develop major phys-
iographic zones using factor one scores to deci-
pher the most pertinent topographic classes to
describe the landscape of this river catchment.
Two major lithological formations, i.e. the Chota
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Nagpur granite-gneiss complex in the south and
the fractured and sheared metamorphics con-
taining intrusives in the northern half of the river
basin were corroborated with the present-day
LULC units. The respective areal coverage under
settlements and agriculture has seen a major rise
in the past thirty years while there has been a
considerable decline in the natural vegetation
cover (forests), fallow land and water bodies.
Some evidences from Google Earth imagery
were collected across the basin to showcase the
major alterations occurring under the various
topographic classes. The need for planning and
implementation of land and water conservation
schemes can hence be practiced for the most
anthropogenically modified and erodible portions
to protect the landscape from further degradation.
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Abstract

River channel migration is a significant phe-
nomenon in the alluvial tract of Himalayan
foreland basin in India. Natural processes such
as rapid sedimentation due to low channel
gradient, high discharge during monsoon and
non-cohesive bank materials primarily control
the channel migration pattern and erosion-
accretion dynamics of the river system in
quaternary geological sites of sub-Himalayan
alluvial floodplain of West Bengal. Addition-
ally, human interference in the fluvial setting
also regulates the channel dynamics in this area.
This study deals with lateral channel migration
rates and erosion-accretion dynamics of different
study reaches of river Raidak-I within the
sub-Himalayan alluvial tract of West Bengal,
India. The study of geospatial techniques and
quaternary sedimentary bank facies hasbeen
used to assess the reach based channel migration
rates and erosion-accretion dynamics. Channel
planform shows ameandering pattern recording
sinuosity index 2.14 in 2019. Variation of
channel width (mean channel width of entire
reach was 139.03 min 1972, 146.84 min 1979,
88.58 m in 1996, 107.76 m in 2009 and
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93.94 m in 2019), channel sinuosity (2.42 in
1972 and 2.14in 2019) and the mean of all radius
of curvature along the meander loops (237.5 m
in 1972 and 181.25 m in 2019) reflects the
channel instability in different study reaches
over 47 year spanning of study period. The
study reveals that average rate of net migration
along the left bank is higher in reach-2
(60.02 m/y) than that of reach-3 (33.12 m/y)
and reach-1(3.73 m/y) while on right bank, it is
comparatively higher in reach-1(96.38 m/y)
than reach-2 (68.92 m/y) and reach-3
(25.81 m/y). Therefore, this scientific study
would be helpful for policy making purposes
during long term flood management.

Keywords

Channel migration * Erosion-accretion
dynamics + Quaternary + Foreland + Bank
facies + Channel sinuosityXE “channel
sinuosity

7.1 Introduction

The nature and characteristics of river channel
migration or avulsion on floodplain of an alluvial
river is an interesting field of research in con-
temporary fluvial geomorphology. In the last few
decades, many tropical populous countries of the
world have incessantly occupied floodplain and
different developmental activities have been
executed along both sides of the rivers.
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Subsequently, landform building mechanism on
fast changing landscape or more specifically
Himalayan foredeep basin region has been par-
tially disturbed. In the recent years, people have
been facing devastating fluvio-hydrological haz-
ard or disaster due to large scale anthropogenic
stresses on river channel or dynamic floodplains.
In case of alluvial channels, the responses have
been registered in different magnitudes at differ-
ent geomorphic scale on quaternary geological
sites (Heitmuller 2014; Sinha and Ghosh 2012).
The river channel migration simply means the
change of river channel geometry across the
cross section of the channel (Gregory 1977).
Generally, migration of an alluvial channel
occurs on floodplain due to the dual processes of
bank erosion and accretion (Charlton 2008).
River bank erosion is regarded as the most
important factor for lateral channel migration.
Besides, channel bed aggradation is also
accountable factor to influence channel migration
as sediment deposition in the form of channel bar
which accelerates the rate of bank erosion par-
ticularly along the concave river bank side.
Therefore, combined processes of aggradation
and degradation within river channel bring
channel instability which ultimately leads to
channel migration (Ahmed and Das 2018;
Ahmed et al. 2018). The magnitude of bank
erosion is primarily dependent on nature of bank
materials and its strength against high flood
water (Knighton 1984). During monsoonal flood,
river bank experiences bank full discharge and
water molecules enter in between the particles
(especially for sandy river bank). When water
level goes down, bank material with water flow
starts rapidly at the stage of liquefaction. The
water pressure stress exceeds the material
strength of river bank and natural river bank
failure occurs automatically (Thorne and Tovey
1981; Thorne 1982; Bera et al. 2019b). However,
channel migration process is carried out by the
complex interaction among flow, sediment
mobility and bank materials (Duan et al. 2001).
In space-time context, lateral migration of
channel is a mechanism of natural as well as
anthropogenic agents (Wallick et al. 2007; Bera
et al. 2019b). The river metamorphosis, flow
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disturbance, confinement of sediments etc. have
been accelerated in the tropical and sub-tropical
rivers of the world due to execution of different
developmental projects or processes of channel-
ization (construction of culverts, bridge, sluice
gate and concrete embankments) within river
basin. Linear structure mostly changes the geo-
morphic action of water resulting into floodplain
modification (Szabo et al. 2010). Besides, cross-
sectional interventions on river channel alters the
channel morphology by modifying the discharge
volume (Islam and Guchhait 2020). The longi-
tudinal and horizontal engineering structures
sometime obstruct river channel migration but
occasionally these structures help to make new
spill channels or directly channel avulsion within
floodplain (Bera et al. 2019b). The regional or
micro scale landscape modifications, shape and
form of flood plain alterations exist due to lateral
river channel migration (Thakur et al. 2012) and
sometimes, floodplain human habitations have
been extremely threatened for devastating bank
erosion as well as switch over of meandering
channels. In case of lower Ganga plain on qua-
ternary geological sites of India, thousands of
hectares of agricultural land along with settle-
ments have been engulfed by the river course of
Ganga due to lateral shifting or intersection of
meanders (Bera et al. 2019b). More than 200 sq.
km. land has been eroded from the left bank of
Ganga in Malda district and that is about 356 sq.
km. in Murshidabad district (Rudra 2011).
Moreover, 195 villages have been affected due to
bank erosion and channel migration along the
bank of river Bhagirathi in three district namely
Murshidabad, Nadia and Barddhaman in
Gangetic West Bengal (Islam and Guchhait
2017). In the last two decades, the spatio-
temporal confluence and off-take dynamics,
sediment yield and channel bar dynamics have
been analyzed applying remote sensing and
geographical technique (Ophra et al. 2018). In
the recent years, various research studies have
been conducted by applying geospatial tech-
niques to evaluate channel course modifications,
degree of anthropogenic stress, cost benefit
analysis and quantification of river bank erosion
(Bera et al. 2019b). Similarly, geospatial studies
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such as channel migration, estimation of river
bank erosion and accretion through overlay
analysis (using historical maps) have been suc-
cessfully done in different parts of the world for
various channel types and patterns (Downward
et al. 1994; Gurnell 1997). Since historical era,
many authentic research works have been docu-
mented on channel migration and mechanism of
different types of channel avulsion on quaternary
floodplain geological sites (Baki and Gan 2012;
Dury 1977; Knight 1975). Sarma et al. (2007)
have carried out a scientific study on the lateral
channel migration of Burhi Dihing river using
remote sensing data from 1934 to 2004 and they
have focused on regional geological factors
which are principal responsible factors for river
channel migration on fast changing landscape.
Thorne et al. (1993) made a study on mechanism
and rate of riverbank migration of the river
Jamuna using Remote Sensing data and old
maps. The applied fluvio-geomorphological
study had been conducted on magnitude of
accretion and erosion of the river Yellow in the
year 2006 applying Landsat imageries (Chu et al.
2006) and also studied channel dynamics of river
Brahmaputra (Takagi et al. 2007). The digital
composite maps require very much to understand
not only the rate of shifting but also integrated
regional planning in the modern context.

The river Raidak, a right bank tributary of
river Sankosh, originates from the Bhutan
Himalaya and after flowing through the Hima-
layan terrain it enters into the plain of Alipurd-
uar, West Bengal. After debouching from the
Himalayas, river Raidak is bifurcated into two
branches like Raidak I and Raidak II. The river
Raidak-I takes meandering channel pattern
beyond Himalayan Frontal Thrust (HFT) towards
the downstream and largely flowing on the
Himalayan foreland basin. This foreland basin is
mainly interlacing drainage system and fast
changing landscape due to active tectonic setup
of the Himalayas and dynamic landscape. The
Raidak-I river is characterized by enormous
discharge(average peak discharge is 385.27
cumec at station Chepani and 13,240 cumec at
Bhutanghat)with huge sediment loads(mean
annual sediment load is 1.89 million m3)
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particularly during rainy season, speedy channel
bed aggradation, bank erosion and bank line
change (Subba 2014). In the last century, river
Raidak-I had been changed its course due to
natural as well as anthropogenic stresses. Natural
factors include flood, heavy rainfall, and silt
deposition while anthropogenic factors like con-
struction of bridge, railway, road, dams and
deforestation are responsible for the modifica-
tions of the downstream reaches of river Raidak
(Subba 2014). Here, the authors have considered
the river Raidak-I which is well-known for its
notorious channel dynamics, the vulnerabilities
through bank erosion, floods and bank line
shifting. This work is very unique because any
research work on lateral channel migration and
erosion-accretion dynamics have yet not been
conducted on river Raidak-I and previously, no
one had tried to find out the nature of lateral
channel migration trends of Raidak-I flowing
over the sub-Himalayan Alipurduar and Cooch
Behar district of West Bengal. Thus the main
objective of the scientific paper is (i) to assess the
nature of channel migration and (ii) to measure
the erosion and deposition rate along the middle
and lower reaches of river Raidak-1. The present
research has been tried to analyze the nature of
historical channel modifications in the Sub-
Himalayan foreland basin within the territory of
West Bengal for a time span of 47 years (1972 to
2019) based on remotely sensed data, GIS map-
ping and field based experiments. This study
focuses on new dimension for short and long
term mechanism of channel migration of river
Raidak-I as there is no as such past studies
conducted on river Raidak-I. Thus, the results of
scientific study will help directly for sustainable
integrated floodplain management exclusively
for the dynamic landscape at the proximity of
Himalayas.

7.2 Study Area

The study area falls under the tectonically active
Himalayan foreland basin and it is bounded
within 26°12/N to 26°27/N latitudes and 89°36/E
to 89°48/E longitudes. The river Raidak, a right
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bank tributary of river Sankosh, originates from
the Mt. Akungphu of the Bhutan Himalaya at an
elevation of 6400 m. It flows through the three
countries namely Bhutan, India and Bangladesh.
In the mountain tract of Bhutan, the river has
many tributaries and it is locally known as the
Wong Chu, Paro Chu and Ha Chu. After flowing
through the hilly tracts, it debouches into the
plains of Alipurduar district at Bhutan Ghat and
then flows through Cooch Behar district in the
state of West Bengal in India. At Tiyabari in
Alipurduar district, the river is bifurcated into
Raidak I and Raidak II. The western branch or
Raidak-I joins with river Torsha near Balabhut
village in Tufanganj-I block of Coochbehar dis-
trict and eastern branch or Raidak-II falls into
river Sankosh at Bainaguri in Baxirhat block of
Coochbehar. Before joining with the river San-
kosh, Raidak-II drains about 349 km® of Indian
territory. The catchment area of Raidak-I is 760
km? within the Indian territory (421 sq.km in
Alipurduar district and 339 sq.km in Coochbehar
district). The total length of the river Raidak-I in
the Indian part is 90 km (48 km in Alipurduar
district and 42 km in Coochbehar district).
Gadadhar and Dhaksi are the main tributaries of
Raidak-1.

Physiographically, the study area stands on
Sub-Himalayan alluvial fan zone having altitude
ranging between less than 50 and 100 m. There
is no as such slope variations have been noticed.
Geologically, the area is covered with Holocene
newer sediments (Bandyopadhyay et al. 2014).
Very fine sand, silt and clay and in some places
light gray silt loams in varying proportions are
found along the middle and lower courses of
Raidak-I and its floodplain. The floodplain of the
upper course of the river is mainly covered with
Pleistocene older alluvium (Fig. 7.1).

Sandstone and shale have been exposed in the
source region of theriver Raidak-I (Fig. 7.2).

The Sub-Himalayan foreland basin is one of
the most tectonically active foreland basins in the
world. It has been emerged due to the obliquity
of Indian plate owing to the huge crustal load of
the gradually rising Himalaya (Molnar 1984;
Lyon-Caen and Molnar 1985; Duroy et al. 1989)
and the river system has been directly influenced
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by active tectonic movements of the Himalayas
(Holbrook and Schumm 1999; Schumm et al.
2002). As the region comes under tropical
monsoon climatic zone, this region is received
maximum rainfall in monsoon season (from June
to September). In monsoon season, the river is
characterized by high discharge and high veloc-
ity (maximum average velocity 1.8 m/sec). The
average peak discharge is 385.27 cumec at sta-
tion Chepani (Table 7.2). Silt content is also high
in rainy season (1.3gm/It) while it becomes low
in non-monsoon season (0.02gm/It). The lower
courses of riverRaidak-I have low to moderate
sloping plain which helps huge accumulation of
sediments along the channel path especially
during monsoon. The river bank materials along
with floodplain sediments move towards river
Raidak-I by surface and sub-surface runoff dur-
ing monsoon and catastrophic flood. The present
study around 54.4 km river course of the Raidak-
I (in downstream from the confluence point of
river Dhaksi and Raidak-I near Uttar Chikliguri
up to Balabhut in Tufanganj-I block of
Coochbehar district) has been considered and
about 54.4 km length of this river has been
subdivided into 3 reaches for detailed fluvio-
geomorphological analysis (Fig. 7.5a).

7.3 Materials and Methods

7.3.1 Data Acquisition

In order to find out the nature and amount of
bank line shifting, satellite data have been
obtained from different sources. Few research
works have been done applying the given tech-
niques in the terai-dooars region and abroad
(Lawler et al. 1997; Gogoi and Goswami 2014;
Sarkar et al. 2012; Robinson 2013; Nath et al.
2013). In order to identify 47 years channel
migration trend, five satellite imageries of the
year 1972, 1979, 1996, 2009 and 2019 have been
collected from United States Geological Survey
(USGS) website. LANDSAT 1-5 MSS of 1972
and 1979 (Path/Row: 148/42; Spatial Resolution:
80 m), LANDSAT-4/5 TM of 1996 (Path/Row:
138/41, 138/42; Spatial Resolution: 30 m),
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LANDSAT-7ETM + of 2009  (Path/Row:
138/41, 139/42; Spatial Resolution: 30 m) and
LANDSAT 8OLI/TIRS of 2019 (Path/Row:
138/41, 139/42; Spatial Resolution: 30 m) satel-
lite images have been collected from USGS Earth
Explorer. To maintain the accuracy of the work,
the post monsoonal data or satellite imageries
have been used. The data regarding discharge
and velocity have been collected from the Cen-
tral Water Commission, Govt. of India (CWC,
Govt. of India), Jalpaiguri. To quantify river
bank shifting along with channel migration, GIS
techniques are applied which is very much sig-
nificant and suitable tool for computation of river
channel dynamics (Winterbottom 2000). Arc GIS
10.2 and ERDAS imagine 2014 softwares have

been used to prepare the digital composite maps.
The data sets are imported and geo-referenced in
Arc GIS 10.2 software applying the following
steps- Projection type: Universal Transverse
Mercator (UTM),Spheroid name: WGS 84,
Datum: WGS 84, UTM Zone: 45 North. In order
to bring all spatial data in a same scale, resam-
pling and geometric correction have been done
using ERDAS imagine 2014 software. After geo-
referencing, digitization of bank lines has been
done from the orthorectified satellite images
using digitizing tool of Arc GIS 10.2 Software.
Vector data base is prepared from the Raster data
in order to know different measurements like
channel width, the rate of lateral migration of
bank lines and channel length.
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7.3.2 Bank Line Change Detection
and Measurement
of Lateral Channel
Migration

For bank line change detection, 54.4 km river
course has been divided into 3 reaches and total 26
cross sections have been considered at different
locations across the course of river Raidak-I.
Reachwise bank line change detection method has
been used by different researchers (Das et al.2014;
Sarkar et al. 2012) over the decades. Different
fluvio-hydrological parameters (reach length,
sinuosity, channel type, channel pattern, dominant
channel bed materials etc.) have been taken to find
out the nature of channel dynamics and associated
problems related with river health(Table 7.1) as
fluvial hydrodynamics largely control the forma-
tion of different channel bed features (Bera et al.
2019a) as well as channel geometry.

b - &
\)- Raidak-11 Basin I Alternate layers sand silt and clay
5 10 2 i
e P Very fine sand silt and clay Km
89°200°E 89°400°E B940'0E

Computed by the Authors from field study
and 2019 LANDSAT 8OLI/TIRS image.

Channel geometry along with channel bed
configuration and river hydraulics study have
been done to detect bank line change detection.
The channel sinuosity study had been specially
conducted to understand the nature of channel
planform and its change. For bank line shifting
analysis, both the left and right banks are delin-
eated from satellite images of the year 1972,
1979, 1996, 2009 and 2019 respectively and
these bank lines are digitized using Arc GIS 10.2
software. Then the bank lines are overlaid to
measure the distance among the bank lines of
different years at each cross section of the river
course. In order to know the short-term channel
migration, two consecutive images are used i.e.
1972-1979, 1979-1996, 1996-2009 and 2009—
2019. On the other hand, long-term channel
migration has been measured in respect of ear-
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Table 7.1 Details of different parameters of three reaches of the river Raidak-I, 2019

Parameters Reach-1 Reach-2 Reach-3
Reach From downstream of the confluence point of river = Bashraja Dwitia
extension Dhaksi and Raidak-I near Uttar Chikliguri up to  Khanda to
Bashraja Dwitia Khanda Begarkhata Balabhut: 17 km
Reach length | 16.5 20.9 17
(in km)
Channel type | Alluvial Alluvial Alluvial
Sinuosity 2.48 1.97 1.99
Channel Meandering Meandering Meandering
pattern
Dominant Sands & silts Sand, silts & Sand, silts & clay
channel bed clay
materials
Total 760 km? (within the Indian territory, from
catchment Bhutanghat to confluence)
area (kmz)
Avg. peak 385.27 (at chepani station)
discharge
(Cumec)
Average 3049.8 mm in Cooch Behar district and
annual 3720.9 mm in Jalpaiguri district (IMD)
Rainfall
(mm)

Table 7.2 Reach wise short-term erosion and accretion

Year  Short-term riverbank migration

Reachwise Right bank shifting average rate (m/y)

Erosion Accretion

rates of river Raidak-I

Erosion

R-1 R-2 R-3 R-1 R-2 R-3 R-1 R-2

1972—-  67.37 25847 167.52 440.76 490.80
1979

8.81 244.63 1447.87

1979-  0.00 254 5977 76.99 458 4556 35.62 297

1996

1996-  0.15 233.11  30.73 = 32.53 239.05 4
2009

8.47  32.14 1 251.18

2009- 136 149.18 1892  20.01 29931 9.81 12.02 281.03

2019
R-1: Reach-1; R-2: Reach-2 and R-3: Reach-3

liest image of 1972 and other images, namely,
1972-1996, 1972-2009 and 1972-2019. Migra-
tion distance has been measured by previously
used methods of Leopold (1973), Gurnell et al.

R-3
21.97

21.66

47.70

8.34

Accretion

R-1
379.49

9.36

15.20

1.83

R-2
260.78

3.80

219.58

169.54
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Begarkhata to confluence of
Raidak-I with Torsa at

Reachwise Left bank shifting average rate (m/y)

R-3
147.92

72.37

33.02

8.73

(1994) and Giardino and Lee (2011). The for-
mula is used for measuring the migration dis-
tance as suggested by Giardino and Lee, 2011
which is as follows:
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Dnh=T—T, (7.1)
where, Dy, is the migration distance and T, and
T, are the survey years of channel migration.

Furthermore, the annual rate of channel
migration has been measured by using the fol-
lowing formula applied by Wallick et al. (2006):

Rm = Dm/T (7.2)
where, Rm is the annual rate of channel migra-
tion, Dm is the migration distance between two
particular year of study and T is the time interval
between the years.

In addition, bank erosion and accretion rates
at each cross section are computed from the
overlaid bank lines which are digitized from
different images where negative value is con-
sidered as erosion and positive value as accre-
tion. The channel width is measured at each cross
section on the basis of distance between two
bank lines of channel in a particular year.

Channel sinuosity has been measured for each
reaches following the equation given by Schumm
(1963).

SI = OL/EL (7.3)
where, SI is Sinuosity Index, OL is the observed
(actual) path of a stream and EL is the expected
straight path of a stream. In order to explore
meander geometry, radius of curvature has been
computed at different meander bends of river
Raidak-I as it is related to meander migration.

The Radius of curvature (Rc) is measured by
applying the following universal formula previ-
ously used by several authors (Bag et al. 2019).

Rc = /(A/II) or, P/2I1 (7.4)

where, Area (A) = I1r?, Perimeter P) =2 IIr.

7.3.3 Bank Facies Study

Bank facies study was conducted in order to
unveil the lithological characteristics as well as
composition of river bank during the month of
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November, 2019. Facies may be classified into
two types such as lithofacies and biofacies.
A lithofacies can be defined on the basis of its
unique features, sedimentological composition
and structure. Each lithofacies reveals unique
depositional characteristics (Miall ). A quater-
narysedimentary bank facies of 7.7 m length is
arranged before detailed study along the right
bank of river Raidak-I near village Chikliguri
Dwitia Khanda in Tufanganj-I block of Cooch
Behar district. Another 4.2 mbank facies is also
conducted along the left bank of the river near
Sauerkhata village in Tufanganj-II block of
Cooch Behar district. Both of the facies were
previously exposed due to the continuous bank
failure. Soil samples have been collected from
the different micro layers of the bank facies sites
and these samples are tested in the laboratory to
obtain the nature of bank materials. Sedlog 3.1
software is used to draw the bank facies profiles
and to acquire the data about the different micro
layers withinthe bank facies.

7.3.4 Statistical Techniques

Descriptive statistics has been used in this study
to measure the variability of data regarding
channel migration. Mean, standard deviationand
coefficient of variation have been used to evalu-
ate the channel migration of Raidak-I river
(Mandal et al. 2017). Higher the value of coef-
ficient of variation reflects irregular pattern of
channel migration or high dynamicity of channel
migration patterns in nature.

7.4 Results

7.4.1 Channel Sinuosity

Channel sinuosity is an important fluvio-
geomorphic parameter to analyze the channel
pattern. It refers to the deviation of channel path
from its original signature. Sinuosity Index
(SI) is used to measure the changes of river
Raidak-I dividing into three important segments
from the successive satellite images of 1972,
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1979, 1996, 2009 and 2019. The lateral migra-
tion rate has been calculated applying such
important fluvial indicator (Richard et al. 2005).
In 1972, all the three reaches are characterized by
high sinuosity index value (2.43 in reach-1, 2.28
in reach-2 and 2.57 in reach-3) which indicates
meandering channel pattern (Singh 2007)but in
1979, Sinuosity values were decreased in all the
three segments (Fig. 7.3a) in comparison to
previous year (1972) due to decrease in channel
length. In 1996, the Sinuosity Index has been
measured in three reaches ranging from 1.80 to
2.42 which are indicating meandering pattern
(2.42 in reach-1, 1.80 in reach-2 and 1.84 in
reach-3). Between the years 1996 and 2009,
sinuosity values increase to all the three reaches
(Fig. 7.3a) while it has been again decreased in
between 2009 and 2019 in reach-1 and reach-2
except the reach-3 (Fig. 7.3a). It exhibits short-
ening of reach-1 and reach-2 within the time
frame (2009-2019). Moreover, the overall Sin-
uosity value of entire reach was 2.42 in 1972
whereas it was decreased to 2.14 in 2019.
However, Since 1972 to 2019, the overall result
shows decreasing trend of Sinuosity Index which
is indicating the fact that the river has shorten its
course by 13.34 km between downstream of the
confluence point of river Dhaksi and Raidak-I
near Uttar Chikliguri up to confluence of Raidak-
I with Torsa at Balabhut. The presence of several
cut-offs and palaeo channels on the floodplain of
river Raidak-I validate that these geomorphic
features are the part of river Raidak-I and sub-
sequent detachment or abandonment of these
features from the main course have made the
channel length shorter.

7.4.2 Radius of Curvature (Rc)

Radius of curvature (Rc) is the radius of a circle
drawn through the apex of the bend and the two
crossover points (Singh 2007). In the channel
geometry study, radius of curvature is measured
at various meander bends of river Raidak-I. The
mean of all radius of curvature measured along
the meander loops of entire reaches was 237.5 m
in 1972 but it is found to be decreased by

181.25 m in 2019. In 1972, highest radius of
curvature was 375 m and that was found at
meander bend 3 in reach-1 near Paschim Chik-
liguri but it decreased by 143.75 m from 1972
(375 m) to 2019 (231.25 m). Between 1972 and
2019, numbers of meander loops have been
increased within reach-1 (Fig. 7.3b) and due to
tremendous spatial migration of meander bends,
most of the bends have been dislocated resulting
into formation of new mender bends within this
segments of river course. The study also shows
that at meander bend 4 near Tufanganj in reach-
2, the radius of curvature was 175 m in 1972
while it is found to be increased by 12.50 m from
1972 (175 m) to 2019 (187.50 m) and it was
situated at meander bend 7 of reach-2 in the year
2019 (Fig. 7.3c). This meander bend has migra-
ted westwards direction and a new cut-off has
been formed. Meanwhile, it was also the part of
main river course before 1979. The Radius of
curvature (Rc) near Dwiparpar bend (within
reach-3) was 250 min 1972 and it has decreased
to 187.5 m in 2019. Therefore, the variation of
mean radius of curvature (Rc) in different
meander bends of river Raidak-I imply the high
rate of meander migration and continuous alter-
ations of meander geometry in the entire study
period.

7.4.3 Channel Width

The changes of channel width are an important
indicator of river channel migration. In order to
know the erosion-accretion dynamics, (variation
of channel width and nature of channel migra-
tion) 26 cross-sections have been drawn at dif-
ferent locations across the entire study course of
river Raidak-I. Within the reach-1, maximum
channel width (146.51 m) was found at cross
section ‘a-b’ in 1972 while highest channel width
(103.95 m) was measured at cross sections ‘g-h’
in 2019. In 1972, the lowest channel width
within reach-1 has been recorded at cross section
‘c-d’ (106.52 m) and that was at cross section ‘a-
b’ (74.52 m) in 2019. Between 1972 and 1979,
within reach-1, channel widening has been doc-
umented at cross sections ‘c-d’, ‘g-h’, ‘i-j’, ‘k-I’,
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m-n’, ‘o-p’ and ‘gq-r’ except cross sections
‘a-b’ and ‘e—f’ but channel narrowing is also
found at all the cross sections during the study
period 1979 to 1996. The channel widening was
found across all the cross-section except ‘m-n’
during 1996 to 2009 study period. Between 2009
and 2019, channel widening was also docu-
mented at cross sections ‘c-d’, ‘g-h’ and ‘m-n’
within reach-1 while channel narrowing was
found at cross sections ‘a-b’, ‘e-f’, ‘i-j’, ‘k-I’, ‘o-
p’ and ‘q-r’. Over 47 years of study period
(1972-2019), variations of channel width have
also been found at different cross sections within
reach-2 and reach-3. Mean channel width of
entire reach was measured as 139.03 m in 1972,
146.84 min 1979, 88.58 m in 1996, 107.76 m in
2009 and 93.94 m in 2019. The processes of
(Fig. 7.4b and c) channel widening and narrow-
ing are primarily due to intensive bank erosion
and deposition within the flow path of river
Raidak-I in Himalayan foreland basin. However,
the result also indicates the lateral channel
migration at different points of river Raidak-I.

7.4.4 Short-Term Riverbank Erosion
and Accretion Trend

To inspect the micro level channel dynamics
along with floodplain modifications, the whole
study reaches (54.4 km) have been subdivided
into three reaches; reach-1 (from downstream of
the confluence point of river Dhaksi and Raidak-I
near Uttar Chikliguri up to Bashraja Dwitia
Khanda: 16.5 km), reach-2 (Bashraja Dwitia
Khanda to Begarkhata: 20.9 km) and reach-3
(Begarkhata to confluence of Raidak-I with
Torsa at Balabhut: 17 km). The magnitude and
attitude of the erosion and accretion for both
short-term and long term measurement were
carried out along the left and right bank of the
active channel (Figs. 7.5 and 7.6). For short-term
analysis, satellite images of two consecutive
years have been taken and the rate of erosion and
accretion in details are measured simultaneously
(Table 7.2). Reach wise short-term erosion and
accretion dynamics along the right and left banks
are presented in Figs. 7.7, 7.8 and 7.9.
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Fig. 7.4 Temporal variatio