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ABSTRACT

Natural resource management is essential to sustain human well-being and the environment. Water and soil are
two of the most important natural resources that require careful management. The western part of India faces multiple
challenges, including climatic variability, soil degradation, water scarcity, deforestation, etc. The basin’s sub-watersheds are
delineated and prioritised using the Soil and Water Assessment Tool (SWAT) and Sub Watershed Prioritization Tool (SWPT),
respectively, using morphometric and topo-hydrological characteristics, and the sub-watersheds are further ranked using
Weighted Sum Analysis (WSA). The findings indicate that SWS19, SWS18, SWS1, SWS17, SWS16, and SWS15, which
are drained by the rivers Chambal, Kali Sindh, Mashi, Parbati, Parwan, and Beradi, are highly vulnerable sub-watersheds.
By integrating remote sensing, GIS techniques, and quantitative morphometric analysis, parameters such as drainage density,
stream frequency, bifurcation ratio, and slope gradient were evaluated. The analysis revealed critical sub-watersheds
characterized by steep slopes, high drainage density, and poor vegetation cover, indicating their susceptibility to erosion and
runoff. The findings underscore the necessity for targeted soil conservation measures, such as contour bunding, afforestation,
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and water retention structures. This study highlights the utility of geospatial tools for sustainable watershed management

and provides a replicable framework for prioritizing sub-watersheds in similar regions.

Keywords: Morphometric Analysis; Topo-Hydrology; Sub-Watershed Prioritization Tool (SWPT); Natural Resource
Management; Soil and Water; Weighted Sum Analysis (WSA); Chambal River Basin

1. Introduction

Natural resources are vital to our daily lives and are
crucial to the planet’s functioning. However, the increas-
ing demand for natural resources has led to overexploita-
tion and depletion. As a result, sustainable management of
natural resources is vital to ensuring their availability for
future generations. People and the planet’s economic, en-
vironmental, social, health, and energy well-being depend
on sustainable natural resource management(!l. The global
demand for natural resources is increasing, and the depletion
and degradation of these resources are becoming significant
global issues!? 3], Sustainable management requires respon-
sible use, conservation, and management, ensuring we do
not exhaust them or cause irreparable environmental harm.
Governments, businesses, and individuals worldwide must
collaborate to promote sustainable natural resource man-
agement and ensure future generations’ access to them [,
According to the United Nations, the world’s population is
predicted to reach 9.7 billion by 2050, increasing the demand
for food, water, energy, and natural resources (21, However,
depletion and deterioration of natural resources are becoming
critical global issues. According to the World Wildlife Fund
and the Living Planet Report!®], the globe has lost 60% of
its biodiversity over the previous 50 years, and one million
species are on the verge of extinction. It also states that 80%
of the world’s forests have been lost or degraded, and the
oceans are overfished and contaminated.

Water and soil are the two most critical natural re-
sources that require effective management. Water is essential
for ecological function, human livelihood, and economic
development[® 7). Water management entails ensuring the
availability and quality of water resources while providing
fair access to water for various purposes!® %l Soil is a valu-
able natural resource for agriculture, forestry, and other land-
based industries. Soil management involves conserving and

improving soil quality and productivity, reducing soil ero-

sion and degradation, and promoting soil conservation prac-
tices such as crop rotation, agroforestry, and soil nutrient

(10, 111 Fyrthermore, effective natural resource

management
management can help to address emerging challenges such
as climate change, water scarcity, and soil degradation.

A watershed is a natural hydrological unit that plays a
critical role in managing water resources, soil conservation,

12, 13] Watershed management

and ecological sustainability!
is a critical component of natural resource management, fo-
cusing on managing watersheds or drainage basins!'#!. Effec-
tive watershed management ensures the balanced utilization
of water and land resources to maintain hydrological balance,
prevent erosion, and enhance agricultural productivity. How-
ever, uncontrolled land-use changes, deforestation, and soil
erosion have increasingly threatened watersheds, leading to
(161 Sub-

watershed prioritization is a technique used to assess and

land degradation and reduced water availability

rank different sub-watersheds based on various hydrologi-
cal, topographical, and environmental factors. This process
helps to identify areas prone to soil erosion and degradation,
develop targeted conservation strategies, optimize water re-
source management for agricultural and ecological sustain-
ability and support government and community-based inter-
ventions for sustainable land use planning!!”- 8. Given the
varying geomorphological characteristics across the Cham-
bal River Basin, the prioritization of sub-watersheds enables
the implementation of site-specific watershed management
strategies. This helps in mitigating environmental degrada-
tion, improving groundwater recharge, and enhancing overall
hydrological sustainability in the region.

The prioritization of sub-watersheds plays a pivotal role
in identifying critical areas prone to soil erosion and manag-
ing water resources effectively. Furthermore, morphometric
analysis provides valuable insights into the geomorpholog-
ical and hydrological behavior of river basins!!'*). Several
studies have emphasized the importance of integrating mor-
phometric parameters with hydrological analysis for water-
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shed management. For instance, Strahler!?” highlighted that
morphometric evaluation enables the assessment of drainage
network characteristics, which are essential for understand-
ing runoff potential and erosion susceptibility. Similarly,
Biswas, Sudhakar and Desai*'1 noted that GIS-based mor-
phometric analysis is a powerful tool for prioritizing water-
sheds, particularly in semi-arid regions like the Chambal
Basin. Morphometric and topo-hydrological analysis has
emerged as a robust methodology for assessing watershed
characteristics and prioritizing intervention areas. Pioneering
studies by Horton!!) and Strahler?" laid the groundwork
for understanding drainage networks and their influence on
surface runoff and erosion. Recent advancements in geospa-
tial technologies have further enhanced the precision of such
analyses, enabling effective prioritization of sub-watersheds
for conservation efforts.

Several attempts have been made to analyse and pri-
oritise sub-watersheds at different scales using Multicriteria
Decision Analysis (MCDA)['4 2224 ‘Weighted Sum Anal-
ysis (WSA) !, Sediment Yield Index)[?>2%], and Principal
Component Analysis (PCA)?7], Watershed management
requires developing and implementing land use plans con-
sidering the watershed’s unique characteristics, including
its topography, soil types, vegetation, and water resources.
Land use planning aims to balance competing land uses
while promoting the sustainable use and conservation of
natural resources. By coordinating land use practices and
implementing sustainable management strategies, watershed
management can help conserve water resources, improve
water quality, protect biodiversity, and support sustainable

t[1828) Watershed management needs collabo-

developmen
ration and engagement from various stakeholders, includ-
ing government agencies, corporate sector organisations,
civil society groups, and local communities. Therefore, the
study’s objective, in general, is to prioritise the sub-basins of
the Chambal River basin in terms of runoff/peak discharge
and potential soil erodibility for the sustainable development
of natural resources.

The Chambal River Basin, one of the key tributary
basins of the Yamuna-Ganga River System, covers parts of
Madhya Pradesh, Rajasthan, and Uttar Pradesh. It is char-
acterized by a complex network of sub-watersheds, diverse
topography, and a semi-arid climate, making it prone to
hydrological variability, soil erosion, and degradation. Pri-

oritization of sub-watersheds within this basin is essential to
identify critical zones requiring conservation measures for
effective water resource management and sustainable land
use. Watershed management plays a pivotal role in ensuring
sustainable development, especially in regions prone to envi-
ronmental challenges such as erosion and water scarcity [>°].
The Chambal River Basin exemplifies the need for targeted
interventions due to its diverse physiographic features and
vulnerability to land degradation. Spanning across Mad-
hya Pradesh, Rajasthan, and Uttar Pradesh, this basin faces
issues including extensive ravine formation, deforestation,
and erratic rainfall patterns, all of which exacerbate soil ero-
sion and disrupt water availability'®]. The Chambal Basin’s
distinctive badland topography and socio-economic signifi-
cance make it a critical area for study. The ravines not only
degrade fertile agricultural land but also pose challenges to
infrastructure development and biodiversity conservation.
Given these complexities, this research integrates morpho-
metric parameters such as drainage density, bifurcation ra-
tio, and stream frequency with topo-hydrological factors
like slope gradient and land cover to identify and prioritize
vulnerable sub-watersheds. This paper aims to provide a
scientific framework for watershed management by lever-
aging remote sensing and GIS technologies. The findings
are intended to guide policymakers and resource managers
in designing targeted soil and water conservation strategies,
contributing to the broader goals of sustainable land and
water resource management in the Chambal Basin. The
Chambal River Basin has been subjected to extensive land
degradation due to both natural and anthropogenic factors.
The ravines along its course are among the most eroded land-
scapes in India, posing significant challenges to agriculture
and water conservation. Prioritizing sub-watersheds based
on their morphometric and topo-hydrological parameters
allows for targeted intervention strategies that can mitigate
these challenges while promoting sustainable development.
The main objective of the paper is to evaluate and prior-
itize the sub-watersheds of the Chambal River Basin us-
ing a combination of morphometric and topo-hydrological
parameters, leveraging modern geospatial tools. The find-
ings of this research will contribute to formulating effective
watershed management practices, supporting regional and
national objectives for sustainable water and land resource

management.
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2. Material and Method

2.1. Study Area

The study area, Chambal Basin, is located in central
India. It lies between 23°31'03.91" to 26°56'03.72" N latitude
and 74°45'15.00” to 78°13°33.86” E longitude and covers an
area of 142,877 sq km, encompassing parts of the states of
Madhya Pradesh, Rajasthan, and Uttar Pradesh (Figure 1).
The Chambal River flows through rugged terrain of ravines,
gorges, and hills, providing a unique ecosystem supporting
diverse flora and fauna. The upper catchment of the Chambal
River Basin consists of rugged and forested terrains in Mad-
hya Pradesh, where the river originates. The middle reach is
characterized by extensive ravines and badland topography
formed by severe gully erosion along the riverbanks, particu-
larly in northern Madhya Pradesh and parts of Rajasthan. The
lower reach features broad floodplains and alluvial terraces in
Uttar Pradesh. The Chambal River Basin features a dendritic
drainage pattern, reflective of its homogenous lithology and
relatively uniform slopes. Major tributaries include right bank
tributaries such as Kali Sindh, Parbati, and Banas Rivers and
left bank tributaries such as Shipra and Kuno Rivers. These
tributaries significantly contribute to the hydrological regime
and sediment load of the Chambal River!?’.

The area has a predominantly dry climate, with the mon-
soon season running from June to September. The basin’s
average annual rainfall is between 600 and 800 mm, with
the monsoon season being the wettest. The basin experi-
ences a semi-arid to sub-humid climate. Annual rainfall
ranges from 600 mm in the western parts (Rajasthan) to
1,200 mm in the eastern parts (Uttar Pradesh). Monsoonal
rains dominate between June and September. Summers are
hot (35 °C to 48 °C), while winters are mild to cold (5 °C
to 20 °C). This climatic variability affects the hydrological
behavior of the basin, influencing surface runoff and soil
erosion. The basin’s geological composition includes Vind-
hyan sandstones, shales, and limestones, along with Deccan
Trap basalts. Soil types vary across the basin. Sandy soils
are predominant in Rajasthan. Black cotton soils are found
in the Deccan Trap regions of Madhya Pradesh. Alluvial
soils occupy the lower reaches in Uttar Pradesh.These soils
exhibit varying levels of permeability and fertility, influenc-
ing agricultural practices and water infiltration. The region

is prone to droughts and water scarcity, and the Chambal

River is a critical water source for irrigation, drinking, and
industrial purposes. The excessive use of groundwater for
irrigation and other purposes has led to a decline in the water
table in the region, causing wells to dry up and the soil to
become saline. This has affected agricultural productivity
and the livelihoods of farmers in the area. In the Chambal
River basin, the gullies/ravines and arid plains are where
the most severe soil erosion occurs, with the gully areas
seeing the highest mean soil erosion rates at 13.44 t ha—!
yr~!. Estimates of soil loss at the catchment level point to
considerable soil loss in the four catchments of Kali Sindh,
Lower Chambal, Upper Chambal, and Parbati [30],
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Figure 1. Location of Chambal River Basin in the Ganga River
System.

The Chambal basin faces several geohydrological prob-
lems that significantly impact the environment and society.
The problems of groundwater depletion, waterlogging, salin-
ity, riverbank erosion, water pollution, and climate change
require urgent attention and effective management strategies.
Hence, sustainable management of water and land resources

in the basin is crucial for ensuring the region’s ecological,
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social, and economic well-being. Land use is dominated by
agriculture, with wheat, mustard, soybeans, and pulses being
the major crops. Sparse vegetation, including thorny scrub
and deciduous forests, characterizes much of the region. Pro-
tected areas such as the National Chambal Sanctuary are vital
for conserving biodiversity, including endangered species
like the gharial, Gangetic dolphin, and Indian skimmer[?°1,
The basin supports a large rural population dependent on agri-
culture and animal husbandry. However, challenges such
as water scarcity, soil erosion, and land degradation impact
livelihoods. Sustainable management of the basin’s natural
resources is critical for improving the socio-economic con-
ditions of the region’s inhabitants. The Chambal Basin is
one of the most erosion-prone regions in India due to its bad-
land topography and intense monsoonal rains. Unsustainable
agricultural expansion and overgrazing have led to signif-
icant deforestation, exacerbating erosion. Uneven rainfall
distribution and poor water storage infrastructure result in
seasonal water shortages. The integration of morphometric

and topo-hydrological analysis is essential for addressing

these challenges and developing effective watershed man-

agement strategies 28],

2.2. Methodology

2.2.1. Data Source

A Cartosat-1 digital elevation model (DEM) version
3R1 of 1 arc-second (~32 m) spatial resolution obtained
from the Indian Geo-Platform of ISRO, Bhuvan (https:
//bhuvan-app3.nrsc.gov.in/data/download/index.php) is used
for hydrological analysis (drainage system), relief, slope
aspects and other topographical parameters. In this study,
topo-hydrological and morphometric parameters were used
to rank sub-watersheds. These parameters included: (1)
areal aspects (drainage density (D), stream frequency (Fs),
drainage texture (Rt), form factor (Rf), circularity ratio (Rc),
constant of channel maintenance (C), elongation ratio (Re),
and compactness coefficient (Cc); (2) linear aspects (bifur-

cation ratio (Rb); and (3) topo-hydrological factors (Table
1).

Table 1. The methodology adopted for computing morphologic and topo-hydrological parameters.

Parameters Definition/Formula References
Fs =Ny /A
here N, is th 1 f f
Stream frequency (Fl) where IV, is the total number of stream segments of order Horton (1932)E1]

‘u” and 4 is the area enclosed within the boundary of the

watershed divide (Basin area)

C. = 0.2821P/A%5
Compactness constant (C'.)

where P is the length of the watershed divide that

Horton (1945)[1°]

surrounds the basin (Basin perimeter)

C=1/D

Constant of channel maintenance (C . . .
© where D is drainage density

Schumm (1956) 321

Rb =N u/ N w + 1
Bifurcation ratio (Rp)
higher order

where N, + 1 is the number of segments of the next

Schumm (1956) 132!

Drainage density (D) D=Lu/A

where L, is the total stream length of order ‘v’

Horton (1932) 31

Re = V4xA/P;/ Ly,
Elongation ratio (R)

where Ly, is the distance between the outlet and

Schumm (1956) 132!

the farthest point on the basin boundary (Basin length)

RC = 4><Pi><A/P2
Circularity ratio (R.)

where P is the length of the watershed divide that

Miller (1953) 33

surrounds the basin (Basin perimeter)

Ry = A/Ly?
Form factor (Ry)

where Ly, is the distance between the outlet and the

Horton (1932) 311

farthest point on the basin boundary (Basin length)

Drainage texture ratio (R¢) Ry = Ny /P

Horton (1945)[19]
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Table 1. Cont.

Parameters Definition/Formula

References

TWI = In(As /tang)
Topographic wetness index (TWTI)

local slope

where As is the local upslope area draining through a
certain point per unit contour length and tang is the

Beven and Kirkby (1979)34]

Stream power index (SPI) A X tanf3

Whipple and Tucker (1999) 3%

STT = (m + 1)xA4/22.13™xsinB/0.0896™

Stream transport index (STI)

where f is the local slope gradient in degrees, m is the

Moore and Burch (1986) [3¢]

contributing area exponent, and # is the slope exponent

2.2.2. Tools, Techniques and Software

This study uses the Soil and Water Assessment Tool
(SWAT) for sub-watershed delineation and Python-written
Sub Watershed Prioritization Tool (SWPT) as an extension
of the ArcGIS 10.4 program to prioritise the subbasins of
the Chambal basin and to reduce the uncertainty around
morphometric and topo-hydrological variables 8. SWAT is
a hydrological model used to simulate water quality, sedi-
ment, and nutrient transport in watersheds. It helps in man-
aging water resources and assessing the impact of land use
changes)[3”). SWPT is a tool used to rank sub-watersheds
based on factors like erosion, runoff, and sediment yield to
identify critical areas for conservation and management 381,
The SWPT was created to depict how sub-watersheds are pri-
oritised in areas with little or no data. The morphometric and
topo-hydrological characteristics are taken into account for
the prioritising of micro-watersheds in order to determine the
runoff/peak discharge and erosion risk, even without taking
critical criteria like soil maps into account [3% 401,

The current study uses the weighted sum analysis
(WSA) technique developed by Aher et al.!®] to rank the
hydrological units properly. To determine the parameters
that needed to be considered in the final analysis combina-
tion, the WSA, a rigorous statistical procedure, is combined
with geospatial technology. The WSA method estimates the
relative significance of each parameter via statistical correla-
tion. Also, it assigns the weight to each parameter concerning
its due importance (Equation (1)) in order to avoid the indi-
vidual bias of several morphometric and topo-hydrological
factors associated with weights:

Prioritisation = 3 Wi Xi (1)
1=

Wi is the weight of each morphometric parameter calculated
by the WSA approach, and Xi is the value of morphometric

parameters.

3. Result and Discussion
3.1. Drainage Network of Chambal Basin

The Chambal River basin is a vast hydrological system
comprising numerous small and large rivers, tributaries, and
streams that flow through Rajasthan, Madhya Pradesh, and
Uttar Pradesh in India. The Chambal River, the primary
river in the basin, originates from the Vindhya Range in
Madhya Pradesh and flows northeast for approximately 960
kilometres before joining the Yamuna River in Uttar Pradesh.
Based on the Strahler stream order, the Chambal River is
the eighth major river outlet, which receives water from trib-
utaries such as the Banas River, the Parvati River, and the
Kali Sindh River, among others. The basin is characterised
by a dendritic drainage pattern formed when the river and its
tributaries resemble the branching pattern of a tree.

The Chambal River Basin is an integral part of the
Ganga River System, covering parts of Madhya Pradesh,
Rajasthan, and Uttar Pradesh. The Chambal River, a major
tributary of the Yamuna River, has a well-developed dendritic
drainage pattern and exhibits unique geomorphological char-
acteristics (Figure 2). The Chambal River originates from
Janapav Hills in the Vindhyan Range (Madhya Pradesh) at an
elevation of 854 meters above sea level. It flows in a north-
northeast direction through Madhya Pradesh, Rajasthan, and
Uttar Pradesh before merging with the Yamuna River near
Etawah. The total length of the Chambal River is 1024 km,
making it one of the longest rivers in central India. The
Chambal Basin has a well-defined tributary system, includ-
ing both right-bank and left-bank tributaries. Right-bank trib-
utaries include the Parbati River that originates from Madhya
Pradesh and joins Chambal in Rajasthan, Kuno River flows
through Madhya Pradesh and is an essential tributary for

ecological conservation, Sipra River known for its religious
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significance, originating near Ujjain, and Banas River that
is a major tributary from Rajasthan, joining Chambal near
Sawai Madhopur. Left-bank tributaries include Kali Sindh
River which is one of the largest left-bank tributaries, origi-
nating from Madhya Pradesh, Parwan River that is a seasonal
river that contributes to Chambal during monsoons, and Mej
River which is a minor tributary aiding local irrigation in
Rajasthan.

The drainage network of the Chambal Basin is a well-
organized fluvial system with varied topography, tributary
networks, and hydrological significance. Proper watershed
management, soil conservation, and sustainable water re-
source utilization are essential for maintaining ecological
balance and ensuring long-term water security in the region.
The Chambal River and its tributaries exhibit a dendritic and
sub-dendritic drainage pattern, with a well-integrated net-
work of streams. The basin features deep gorges and ravines,
especially in its lower reaches, caused by severe soil erosion.
It is an ephemeral river system, with peak flow during the
monsoon and reduced discharge in the dry season. The Cham-
bal River Basin plays a crucial role in agriculture, drinking
water supply, and hydroelectric power generation. It is home
to multiple dams and reservoirs, including Gandhisagar Dam
(Madhya Pradesh) for irrigation and hydroelectricity, Rana
Pratap Sagar Dam (Rajasthan) important for power genera-
tion, and Jawahar Sagar Dam which helps in flood control
and water storage. Soil erosion and ravine formation are
major issues due to gully erosion in the lower Chambal re-
gion. The Chambal River is a National Sanctuary, protecting
endangered species like the Gharial (Gavialis gangeticus)

and the Gangetic Dolphin.
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Figure 2. Drainage map of the study area.

3.2. Sub-Watershed Delineation and Codifica-
tion

The Chambal basin is subdivided into 21 sub-
watersheds using the Soil and Water Assessment Tool
(SWAT) based on major and minor outlets (Figure 3). The
object I.D. created by SWAT for all the 21 sub-watersheds
is converted into the code of the sub-watershed, such as ob-
ject ID 1 as Sub-Watershed 1 (SWS1) to object ID 21 as
Sub-Watershed 21 (SWS21).
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Figure 3. Sub-watershed delineation and codification.

3.3. Prioritization of Chambal Sub-Watersheds

The SWPT tool automatically calculates the correlation
coefficients between each pair of morphometric and topo-
hydrological factors in the Chambal basin’s sub-watersheds
to prioritise them. This correlation matrix is then used to de-
termine which factors could and could not impact the priori-
tisation. The study employed the parameters in this analysis
with a correlation coefficient greater than 0.6. The SWPT
program also determines the WSA index, prioritising sub-
watersheds using the chosen parameters. Based on the data
above, the tool may rank sub-watersheds in descending order,
starting with the most vulnerable to runoff production and
soil erosion and ending with the least susceptible one.

The prioritization of sub-watersheds in the Chambal
River Basin is a crucial step toward effective watershed man-

agement, soil conservation, and sustainable water resource
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planning. The study highlights the significant spatial varia-
tions in erosion susceptibility, land degradation, and hydro-
logical potential across different sub-watersheds.By applying
morphometric, hydrological, and GIS-based techniques, the
sub-watersheds have been categorized into high, moderate,
and low-priority zones based on erosion vulnerability and
conservation needs. High-priority sub-watersheds, mainly
in the upper and middle reaches, exhibit severe soil erosion,
requiring urgent intervention through afforestation, soil con-
servation measures, and sustainable agricultural practices.
Moderate-priority zones need integrated watershed develop-
ment, including rainwater harvesting, controlled grazing, and
agroforestry. Low-priority zones, though relatively stable,
still require monitoring and long-term sustainability strate-
gies to prevent future degradation. The prioritization of sub-
watersheds provides a scientific framework for policymak-
ers and stakeholders to implement targeted conservation and
management strategies. Integrating community participation,

government initiatives, and technological advancements will

ensure sustainable water resource utilization, biodiversity
conservation, and livelihood security in the Chambal River
Basin. This holistic approach will contribute to environmen-
tal sustainability and long-term ecological balance in the
region.

Table 2 shows the results of morphometric and topo-
hydrological parameters using an automated GIS-based
tool for prioritising sub-watersheds (SWPT). It can be ob-
served that the frequency of streams (Fs) ranges between
0.0000002581 (SWS7) and 0.0000000046 (SWS17). Ac-
cording to the results of the bifurcation ratio (Rb), the highest
value is obtained by SWS12 (2.92), while SWS11 acquired
the lowest one (1.36). In terms of Rf, the results of SWPT
showed that SWS7 and SWS17 have the most (0.82) and
lowest (0.13) values, respectively. The prioritisation of the
results of the elongation ratio (Re) is highest in SWS7 (1.02)
and lowest in the SWS17 (0.41). Sub-watershed 01, based
on the circularity ratio (Rc) factor, obtained the highest value
(0.22), and SWS5 had the lowest one (0.05).

Table 2. Morphometric and topo-hydrological parameters of the sub-watersheds.

Name F2 R R4 R2 R R Ce C TWI SPI1 STI

SWS1 0.0000000050 1.85 0.62 0.89 0.22 0.00010  0.00008 2.13 9558.74 14.38 6.48 41.48
SWS2 0.0000000125 2.00 0.43 0.74 0.15 0.00015 0.00011 2.62 6505.48 14.05 6.51 38.51
SWS3 0.0000000187 1.83 0.38 0.70 0.15 0.00019  0.00012  2.59 5330.71 14.20 6.37 37.70
SWS4 0.0000001517 2.17 0.38 0.69 0.15 0.00048 0.00037  2.55 2081.13 13.36 7.11 36.81
SWSS 0.0000000067 2.00 0.15 0.43 0.05 0.00013 0.00004  4.66 7670.79 13.85 6.69 44.04
SWSe6 0.0000000164 2.30 0.29 0.60 0.13 0.00017  0.00011 2.81 5915.61 14.22 6.35 38.85
SWS7 0.0000002581 2.38 0.82 1.02 0.15 0.00059  0.00060  2.54 1700.77 14.09 6.37 31.87
SWS8 0.0000000107 2.15 0.25 0.57 0.16 0.00017  0.00010  2.50 5931.53 14.15 6.39 39.42
SWS9 0.0000000541 1.92 0.72 0.95 0.17 0.00030  0.00023 2.45 3312.05 13.81 6.70 35.88
SWS10 0.0000013396 2.59 0.43 0.74 0.19 0.00123 0.00170  2.27 812.20 13.89 6.36 28.99
SWS11 0.0000000143 1.36 0.40 0.71 0.21 0.00016  0.00014  2.18 6144.86 13.99 6.59 39.38
SWS12 0.0000000174 2.92 0.17 0.47 0.08 0.00018 0.00009 3.60 5452.39 14.05 6.45 38.74
SWS13 0.0000000153 2.00 0.17 0.46 0.12 0.00018 0.00010  2.92 5415.25 13.74 6.78 4133
SWS14 0.0000000715 1.87 0.32 0.63 0.20 0.00035 0.00029 221 2897.71 14.19 6.30 35.55
SWS15 0.0000000096 2.05 0.29 0.61 0.13 0.00013 0.00009  2.76 7960.77 13.95 6.60 38.69
SWS16 0.0000000084 2.09 0.17 0.46 0.12 0.00012  0.00008 2.93 8389.62 14.05 6.49 40.27
SWS17 0.0000000046 1.87 0.13 0.41 0.08 0.00011 0.00005 3.45 9245.17 14.10 6.45 40.93
SWS18 0.0000000054 1.96 0.17 0.46 0.10 0.00010  0.00006 3.19 10361.38  14.06 6.47 39.75
SWS19 0.0000000040 1.88 0.20 0.51 0.07 0.00008 0.00004 3.87 12138.78  14.19 6.50 41.22
SWS20 0.0000000108 1.58 0.26 0.58 0.15 0.00013 0.00010  2.60 7774.45 14.22 6.31 38.31
SWS21 0.0000000129 2.44 0.21 0.52 0.15 0.00015 0.00011 2.56 6684.24 14.22 6.33 39.13

According to the results of both drainage density (D)
and drainage texture (Rt), SWS10 ranks first with the values
0f 0.00123 and 0.00170, respectively, and drainage density
(D) is lowest in SWS19 (0.00008). With the value of 0.00004
in both SWS5 and SWS19, the drainage texture (Rt) is the
lowest. The highest and the lowest values of the compact-
ness coefficient (Cc) factor belonged to SWSS5 (4.66) and 01

(2.13), respectively. The values of the constant of channel
maintenance (C) factor depict that SWS19 (12138.78) and
SWS10 (812.20) rank at the first and the last position, re-
spectively. According to TWI, SPI and STI, the prioritisation
results conclude that SWS1, 4, and 5 gain the highest values
and sub-watersheds 4, 14, and 10 receive the lowest values,

respectively.
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The correlation matrix obtained by the weighted sum
analysis (WSA) approach of morphometric properties for
the sub-watersheds is shown in Table 3. The reported results
are for a correlation coefficient (r) of more than 0.75. Fs has
a significant correlation and a positive value of correlation
coefficient, with Rt (r =0.99), D (r = 0.95), and a significant
negative correlation with STI (r =-0.76). Rb has no signif-

icant correlation with the other morphometric parameters
of the sub-watersheds. At the same time, Rf has a high and
positive correlation (r = 0.99) with Re. The D and Rt corre-
lation results have a high positive correlation, while D and
STI have a negative correlation. The relation between Rt and
STI and between TWI and SPI shows a negative correlation
of —0.84 and —0.87, respectively.

Table 3. Correlation matrix of morphometric properties for the sub-watersheds.

Fs Rb Rf Re Re D Rt Ce C TWI SPI1 STI
Fs 1.00 0.40 0.24 0.27 0.31 0.95 0.99 -0.25 —-0.55 -0.22 —-0.13 —0.76
Rb 0.40 1.00 —-0.03 —-0.05 —-0.22 0.43 0.40 0.14 —-0.38 —0.12 —0.12 0.37
Rf 0.24 —-0.03 1.00 0.99 0.62 0.41 0.36 —0.57 —0.50 —0.02 0.03 —0.58
Re 0.27 —-0.05 0.99 1.00 0.68 0.42 0.38 —0.63 —0.53 —-0.02 0.02 —0.60
Re 0.31 —-0.22 0.62 0.68 1.00 0.38 0.38 —0.94 —0.48 0.12 —0.14 —-0.51
D 0.95 0.43 0.41 0.42 0.38 1.00 0.99 -0.34 -0.75 —0.34 —0.02 —0.87
Rt 0.99 0.40 0.36 0.38 0.38 0.99 1.00 -0.33 —0.66 -0.25 —0.11 —0.84
Ce -0.25 0.14 0.57 —0.63 —0.94 —0.34 —0.33 1.00 0.48 —-0.10 0.16 0.56
C 0.55 —-0.38 0.50 —-0.53 —0.48 —-0.75 —0.66 0.48 1.00 0.45 —0.12 0.79
TWI -0.22 —0.12 —0.02 —0.02 0.12 —0.34 —0.25 —0.10 0.45 1.00 —0.87 0.15
SPI —-0.13 —0.12 0.03 0.02 —0.14 —-0.02 —0.11 0.16 —0.12 —0.87 1.00 0.22
STI —0.76 —-0.37 —0.58 —0.60 —0.51 —-0.87 —0.84 0.56 0.79 0.15 0.22 1.00

Figure 4 shows the final prioritisation of sub-
watersheds is based on the compound parameter values
(CPV). A sub-watershed with the lowest CPV value is de-
termined as the priority, and other sub-watersheds will be
The CPV is estimated using the
weights of each morphometric parameter. The results of

ranked accordingly®).

sub-watershed prioritisation are shown in Table 4. SWS19
received the highest priority ranking (figure) with compound
parameter value (CPV =—1743.159), followed by SWS18

(CPV =-1488.863), SWS1 (CPV =—-1374.264), while the
lowest priority ranking with compound parameter value
(CPV =-122.098) is of SWS10 followed by SWS7 (CPV=
—249.555). The result shows that the confluence region of
Parwan River and Kural River (SWS10), and also the conflu-
ence region of Parbati River and Banas River (SWS7), Banas
River (SWS4), Parwan River (SWS14), (SWS9), (SWS3),
and (SWS13) are the lowest vulnerable hydrological units in
terms of soil and water resource degradability.

Table 4. Prioritisation and final ranking of sub-watersheds.

Name Compound Parameter Value (CPV) Priority Ranking
SWS19 —1743.159 1
SWS18 —1488.863 2
SWS1 —1374.264 3
SWS17 —1329.703 4
SWS16 —1207.238 5
SWS15 —1145.566 6
SWS20 —1118.927 7
SWS5 -1105.523 8
SWS21 —963.261 9
SWS2 —937.556 10
SWSI11 —886.259 11
SWS8 —855.797 12
SWS6 —853.403 13
SWSI12 —787.264 14
SWS13 —782.539 15
SWS3 -769.597 16
SWS9 —480.663 17
SWS14 —421.544 18
SWS4 -305.111 19
SWS7 —249.555 20
SWS10 —122.098 21
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Figure 4. Prioritized ranks of the sub-watersheds.

Whereas the sub-watersheds SWS19 and SWS20,
which Chambal River itself drains in its source region, which
mainly lies in the state of Madhya Pradesh, SWS18 drained
by Kali Sindh River is extended in the state of Rajasthan
and Madhya Pradesh, SWS17 and SWS16 are drained by
the river Parbati and Parwan respectively, SWAS15 which
lies in the state of Rajasthan and drained by the River Beradi,
and Mashi sub-watershed coded as SWSI in the extreme
north of the Chambal River basin lies in the highest priori-
tised zone which needs to be given importance in terms of
natural resource management particularly soil and water for

the sustenance of the region (Figure 5).
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Figure 5. Final sub-watershed priority zones of the Chambal River
Basin.

4. Conclusions

The present study prioritizes 21 sub-watersheds in
the Chambal River Basin regarding soil erodibility and
surface runoff potential based on morphometric and topo-
hydrological parameters. Utilizing Cartosat-DEM and ad-
vanced geospatial tools such as the Sub-Watershed Prioriti-
zation Tool (SWPT) in ArcGIS, this research has success-
fully identified high-risk sub-watersheds, including SWS19
(Chambal River), SWS18 (Kali Sindh River), SWS1 (Mashi
River), SWS17 (Parbati River), SWS16 (Parwan River),
SWSI15 (Beradi River), and SWS20 (Chambal River). These
sub-watersheds exhibit significant hydrological vulnerabili-
ties, necessitating immediate conservation interventions to
mitigate erosion risks and enhance water resource sustain-
ability.

This study underscores the importance of integrating
morphometric and topo-hydrological parameters in water-
shed prioritization, providing a robust scientific foundation
for targeted management strategies. The analysis revealed
that high-priority sub-watersheds are characterized by steep
slopes, high drainage density, sparse vegetation cover, and
high runoff potential, making them more susceptible to soil
erosion and land degradation. Addressing these challenges
requires a combination of afforestation, soil conservation
techniques, controlled land use, and the construction of wa-
ter retention structures to enhance water availability and
mitigate the risk of land degradation.

The broader applicability of this methodology extends
beyond the Chambal River Basin, serving as a replicable
model for other regions facing similar hydrological and ge-
omorphological challenges. Policymakers, environmental
planners, and stakeholders can utilize the findings of this
study to develop evidence-based, region-specific watershed
management plans. Furthermore, implementing sustainable
agricultural practices, agroforestry models, and watershed
restoration programs can help enhance soil moisture reten-
tion, increase groundwater recharge, and promote ecological

balance in fragile ecosystems.

5. Implications and Future Research

This research highlights the potential of geospatial tech-

nologies (GIS and remote sensing) in large-scale watershed
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analysis, allowing for precise and cost-effective environmen-
tal monitoring. The integration of high-resolution remote
sensing data with hydrological modeling can further refine
prioritization strategies, making them more dynamic and
responsive to climate change and anthropogenic pressures.

Future research could explore:

e The dynamic impact of climate change on erosion suscep-
tibility and watershed hydrology, incorporating long-term
precipitation and temperature trends in modeling frame-
works.

o The role of land-use changes and deforestation in exacer-
bating watershed vulnerabilities, with a focus on sustain-
able land-use planning.

e The socio-economic dimensions of watershed manage-
ment, integrating livelihood assessments, rural develop-
ment strategies, and community participation to ensure
equitable and long-term conservation outcomes.

e Machine learning and artificial intelligence-based models
for more accurate predictive analysis of soil erosion and

hydrological behavior.

The Chambal River Basin faces complex environmen-
tal challenges that demand a scientific and systematic ap-
proach to watershed prioritization. The findings of this study
serve as a valuable reference for environmental planners
and policymakers, enabling them to implement effective
conservation strategies that promote sustainable land and
water resource utilization. A multi-disciplinary approach,
incorporating hydrological, ecological, and socio-economic
perspectives, is crucial to achieving long-term ecological
stability and regional development.

By addressing soil erosion, water scarcity, and land
degradation through scientifically driven watershed manage-
ment strategies, this study contributes to broader sustainable
development goals (SDGs). These efforts will help safeguard
the ecological integrity of the Chambal River Basin, ensuring
water security, agricultural resilience, and socio-economic
stability for the region’s communities. As climate change and
human activities continue to influence watershed dynamics,
periodic reassessment and adaptive management strategies
will be crucial for maintaining the sustainability of natural

resources in the region and beyond.
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