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Watershed dynamics are governed by geomorphic indices, which include both surface
and subsurface characteristics. In this study, several hydrological indices investigate the
dynamics of the Asan watershed in Uttarakhand, India focusing on the interplay between
human activities and natural processes using geomorphic indices and remote sensing
techniques. The research aims to achieve a planned sustainable development by
understanding various geo-environmental aspects related to stream network analysis,
evaluation of different terrain attributes and land-use patterns. Utilizing the use of high-
resolution satellite data, such as DEM and satellite images, enhances the impact on land
surface management and strengthens the overall research. The Asan watershed,
designated as the 6% ordered dendritic network, exhibits the dominance of moderately
permeable strata with significant discharge potential and a tectonic tilt that favours fluvial
erosion. Structural influence is observed to be more pronounced in longitudinal profiles
of various higher-order streams. The research shed light on rapid industrialization and
urbanisation. Through the generation of decadal LULC maps from 1980 to 2016, the
study reveals a four-fold increase in the urban area over the last four decades. Economic,
topographic, and commercial factors contribute to these dynamic changes, which alarmed

environmental scientists and planners for effective management and development.

1. INTRODUCTION

Understanding watershed dynamics and the application of
geomorphic indices and GIS in watershed management play
crucial roles in ensuring sustainable water resources and
environmental conservation. By comprehending the intricate
interactions between landforms, hydrology, and human
activities within a watershed, researchers can make informed
decisions for effective water management, erosion control, and
flood mitigation, assess the health of watersheds, identify
vulnerable areas, and implement targeted interventions,
fostering a more resilient and ecologically balanced watershed
management approach.

The present paper describes the drainage and terrain
characteristic of the Asan watershed obtained through Remote
Sensing and a GIS-based approach. Entire geomorphic and
hydrologic processes that occur within the watershed contain
significant information about their formation and development
[1]. Geomorphic indices are responsible for providing a
numerical measure of the stream network, which is an
important aspect in determining a watershed’s characterization
[2, 3] was the first to wuse quantitative techniques
(mathematical equations for indices) in morphometric analysis
of drainage basins from a topographic map using manual
methods. Later, certain modifications in related equations
were adopted by the studies [4-7].

GIS techniques are currently used for the extraction of
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stream networks and characterization of the watershed by
several researchers [8-10]. Also, this technique helps assess
various terrain attributes through the generation and study of
Slope, Aspect and LULC analysis [10-12].

Several researchers have studied morphometric properties
for different terrains as an indicator of structural influences on
stream development [13-17]. The morphometric and
morphotectonic properties have proven to be an important tool
in the generation of up-to-date and statistical information for
drainage basin characterization [10]. The geomorphological
setup is strongly affected by the deformational processes that
occur within the watershed. It is strongly dependent upon the
tectonic activities occurring in it, which influences the
drainage system, terrain topography and landscape
development.

Many researchers studied the interplay between the
structure of the drainage system and other factors such as basin
relief, geology and climatic conditions present in the
watershed [4, 18, 19]. In structurally active regions, the
drainage network is susceptible to tectonic features such as
faults, thrusts and folds, as well as tectonic movements caused
by incision, diversion, tilting and asymmetry [11]. Watersheds
behave as the basic unit of the riverine formations and act as
an ideal entity for understanding the tectonic activity in the
area [2].

Numerous studies have examined the influence of Land Use
and Land Cover (LULC) on land use dynamics [20] analysed
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LULC changes and drivers in the Gubalafto district, North-
eastern Ethiopia, over 30 years using RS, GIS, and community
surveys. Cultivated and settlement areas increased by 9%
while grazing land and forest cover were drastically reduced
due to population growth, land insecurity, poverty, and climate
change. Ensuring the sustainable utilization of resources is
crucial for safeguarding the ecosystem services of the region.
The study [21] employs a research approach that integrates
map interpretation, RS and GIS. The study identifies the
expansion of urban residential areas and evolving economic
dynamics as primary drivers of changes in land use/cover,
ultimately resulting in landscape degradation. Furthermore,
these alterations in and around Conakry city and its adjacent
urban areas over 59 years have prompted concern within both
the Guinean government and the scientific community. Socio-
economic development, climatic patterns, topography
manipulation, and policy implementation are the key factors
affecting land use/cover. [5], highlight the significance of
digital change detection techniques for understanding
expansion in the area. The study used RS and GIS to assess
land use/land cover dynamics in Ramnagar town, Uttarakhand,
over two decades (1990-2010). The built-up area and sand bar
increased by 8.88% and 3.98%, while vegetation, agricultural
land, and water bodies decreased by 9.41%, 0.69%, and 2.76%,
respectively. The expansion was mainly towards the southern
direction along National Highway-121.

All of these parameters are further validated using field
visits, toposheets, aerial photographs and satellite images.

Here, this multidisciplinary study demonstrates the
interplay between human activities and natural processes. By
adopting an integrated approach, the study advocates for
sustainable practices that encompass biodiversity &
environment conservation. This involves striking a balance
between the demands of the growing population, fostering
economic development and implementing enhanced
environmental management practices. This understanding can
be extrapolated to other watersheds, providing valuable
insights for studying and managing watersheds worldwide.

This research aims to examine a detailed study of different
geo-environmental aspects which influenced the study area in
the long run. Further, these aspects have been categorized into
three specific objectives: (a) Conducting a detailed
examination of geomorphic indices, which includes evaluating
morphometric and morphotectonic parameters. This analysis
is based on an in-depth study of the drainage network. (b)
Focus on the structural impact of the watershed (c) Generation
of decadal LULC maps through different satellite datasets.
These maps will serve as a crucial tool for studying changes
over time.

The soul of the paper lies in the integrated parametric
evaluation to understand the physiography and geometry of
the watershed, which is associated with the study of its
formation, development, structural imbalances and
geomorphic processes. Further, the generation of LULC maps
for different years helps us to study the historical and present
condition of the watershed which leads to the rapid expansion
of built-up areas over time compared to the forest and
agricultural land.

2. STUDY AREA

The Asan River watershed is situated in the Dehradun
district, Uttarakhand state, India (Figure 1). Asan River is the
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perennial tributary of the Yamuna River that flows northwest
of Doon Valley and eventually joins them at Dhalipur (a small
hamlet in Vikasnagar). It extends from geographic latitudes
30° 14' 14" N to 30° 29' 54" N and longitudes 77° 39' 42" E to
78° 05' 30" E. The outlet of the watershed has a minimum
elevation of 349m present in the western direction of the
watershed while the Lesser Himalayan range present in the
northern direction of the watershed has an elevation of 2182m
above mean sea level (MSL). It falls under the 53F/11, 53F/15,
53J/3 and 53F/16 toposheet of Survey of India, scale (RF)-1:
50,000.
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Figure 1. Location map of the study area and DEM used
2.1 Watershed’s characteristics

The watershed seems to have a temperate climate.
Depending on the elevation of the area, this can range from
tropical to cold and rainy. Also, because the watershed is
surrounded by hilly terrain, temperature fluctuations due to
elevation differences are significant [22]. The Siwalik hills
(about 800m) have a sub-tropical climate whereas the areas
with an elevation of 800m-2400m have a temperate climate
[23]. Due to the unique physiography of the watershed, the
movement of monsoon wind is significantly hampered,
leading to distinctive rainfall patterns. Approximately 85% of
the total annual rainfall is concentrated during the summer
months. This brings much-needed water to the plains and its
percolation into the rocks and replenishes the water table.
Summer is pleasant in the hilly regions, though not to the same
extent as in the plains of the adjacent district. The annual
average rainfall over the watershed ranges from 1274mm to
1766.7mm. The watershed receives the majority of its annual
rainfall from June to September, with July and August being
the wettest months [24, 25]. The monthly statistics reveal that
the mean temperature of the study area ranges from 12.04°C
(minimum) for January to 28.9°C (maximum) for June with an
annual average temperature is 21.90°C [24]. The total area and



perimeter of the watershed are 695.9Km? and 180.4Km
respectively.

At the foothills of the Siwalik ranges, the Asan River forms
one of the most prominent watersheds in Doon Valley, flowing
northeast to southwest through the central portion of the
valley. The length and width of the Asan watershed are
approximately 40Km and 18Km respectively. The Asan
Barrage is located in the vicinity of rivers Asan and Yamuna.
The Asan River serves as the tributary of the Yamuna River
flowing northwest through the Doon Valley and later joins the
Yamuna River in Dhalipur village at Vikasnagar. It is a
perennial river and the origin is from Chandrbani (spring
water) in the Dehradun district. The watershed is covered with
a thick pile of Doon gravel which serves as a good unconfined
aquifer. These aquifers may be responsible for fulfilling the
basic domestic and irrigation. Also, their contribution
increases at the higher reaches of the watershed because of
precipitation requirements [26]. But the continuous extraction,
if exceeds recharge, of this source leads to its depletion and
may deteriorate water quality as the concentration of salts
increases [27]. The soil belonging to Siwalik is sandy loam
with bands of clay, along with conglomerate and sandstone,
which give cohesion to the soil and thus enhance its physical
characteristics.

The soil is shallow and dry in the upper reaches of the
watershed compared to the lower slope, this results in the
dominance of xerophytic vegetation at higher elevations [28].
Soil with a good proportion of clay creates adequate drainage
in the lower reach. In this unit, groundwater is found in both
confined and unconfined conditions.

2.2 Physiographic characteristics

The physiographical feature of the watershed is the sharp
rise in the Lesser Himalayan range, locally known as
Mussoorie Hill in the north and Siwalik in the south. The Asan
is a stream-fed river having an approximate length of 43Km.
The river flows through the Bijapur Canal following the
Tapkeshwar Mahadev Shrine. As the river proceeds towards
the southwest, it carries water from several streams flowing
southward from the Lesser Himalayan range and northward
from Siwaliks. At the lower reaches, it flows a relatively flat
section that feeds the Asan barrage. It is located in the vicinity
of rivers Asan and Yamuna. The water from the barrage later
drains into the Yamuna at Paonta Sahib (Figure 2).

Terrain of Asan wetland is almost flat
with little undulation

Asan Barrage lies in the lower basin of
River Asan

—— Y1 N i
Asan attracts extensive population of
migratory birds

Asan wetland considered as 38™ Ramsar
site in India (July, 2020)

Figure 2. Landscape view of the Asan Conservation Reserve

134

The soil type in the watershed varies from the alluvial soil
of the Terai belt to the recent alluvium of the Doon, the fragile
soil of Siwalik, bare soils [23].

In India, this convection struck on February 1, 1982. India
currently has 42 wetlands, the most in South Asia. The Asan
Barrage dammed the river in 1967, resulting in siltation above
the dam wall, which aided in the creation of bird-friendly
habitats. It has been adopted as the 38" Ramsar site in India
on 21% ‘July” 2020 (Figure 2). The critically endangered
white-rumped vulture (Gyps bengalensis), red-headed vulture
(Sarcogyps calvus), red-crested pochard (Netta rufina), Baer's
pochard (Aythya baeri), raddy shelduck (Tadorna ferruginea)
are among the significant species found here. There are
different fish species, including the endangered Putitor mah.
They remain, however, one of the world's most endangered
ecosystems, owing to ongoing pollution, drainage, and
resource overexploitation.

2.3 Socio-economic characteristics

The socio-economic structure of rural communities in the
watershed is defined by a simple subsistence economy mainly
focused on self-consumption. Furthermore, the people rely on
rain-fed agriculture. Continuous physical labour, cultivation
practice on gentle slopes (central part of the watershed), as
well as moderate to steep slopes (mountainous terrain),
fetching fodder, fibrous grasses, fuelwood and delivering
products to the market, are all necessary for survival. The
watershed has good road connectivity for all livelihood needs
and services. Rain-fed areas are often agro-forestry zones,
with grasses, bushes, trees and livestock all contributing to the
overall system [23]. In the Lesser Himalayan zone, however,
agriculture is practised in the form of terrace farming on
moderate to steep slopes (Figure 3(c)). Controlling water
movement, runoff, soil erosion and maximizing water
penetration are some of the responsibilities of this practice.
Agriculture is the second-largest class in terms of area covered,
after the forest (Table 1). The majority of the trees in this area
are double-cropped. Even though water scarcity is a major
issue in this region, farmers try to grow crops during both the
Rabi and Kharif seasons. The mixed forests are dominated by
trees that cover more than 60% of the area and grow to a height
of more than 2m. The forest covers nearly 410Km? (~57%) of
the total area of the watershed.

Extension of settlement covering

Diversion of moderate to steep slope over

Lesser Himalaya Lesser Himalayan zone

mR
System of springs/seepages oftenly visible in
an area

Terrace farming practice is serve as good
example in rain-fed agriculture

Figure 3. Different features in the watershed impacting the
socio-economic activities



Table 1. Classified area under different LULC categories for 1980, 1995, 2008 and 2016 in the study area

1980 1995 2008 2016
LULC/Class Area (Km?) Area (%) Area(Km? Area(%) Area(Km?) Area(%) Area(Km? Area (%)
Built-up 9.13 131 11.71 1.68 24.43 351 35.50 5.10
Cropland 202.02 29.03 199.68 28.69 196.76 28.27 193.71 27.84
Fallow land 13.24 1.90 13.24 1.90 11.49 1.65 11.49 1.65
Plantation 22.45 3.23 2241 3.22 21.14 3.04 14.81 2.13
Evergreen 54.14 7.78 54.14 7.78 53.49 7.69 53.24 7.65
Deciduous 335.26 48.18 334.95 48.13 335.99 48.28 335.93 48.27
Mixed 5.53 0.79 5.53 0.79 5.53 0.79 5.53 0.79
Waterbodies 54.15 7.78 54.27 7.80 47.10 6.77 45.72 6.57
695.92 100.00 695.92 100.00 695.92 100.00 695.92 100.00
Table 2. Geographic location of spring’s distribution over the study area
Number Latitude Longitude Number Latitude Longitude
1. 30.42 77.90 24. 30.37 77.97
2. 30.46 77.90 25. 30.37 77.94
3. 30.48 77.86 26. 30.38 77.79
4. 30.42 77.75 27. 30.39 77.78
5. 30.42 77.75 28. 30.39 77.88
6. 30.36 77.71 29. 30.39 77.91
7. 30.34 77.72 30. 30.40 77.94
8. 30.34 77.73 31. 30.40 77.94
9. 30.34 71.75 32. 3041 77.96
10. 30.28 77.92 33. 30.39 77.97
11. 30.29 77.90 34. 30.39 77.97
12. 30.29 77.97 35. 30.40 77.98
13. 30.37 77.99 36. 30.39 77.99
14, 30.46 77.98 37. 30.40 77.99
15. 30.42 77.94 38. 30.43 77.98
16. 30.42 77.95 39. 30.45 78.05
17. 30.39 77.95 40. 30.44 78.06
18 30.40 77.95 41. 30.40 78.03
19. 30.39 77.95 42. 3041 78.06
20. 30.38 77.96 43. 3042 78.08
21. 30.38 77.96 44, 30.45 78.07
22. 30.37 77.96 45. 30.46 78.02
23. 30.38 77.96
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Figure 4. Distribution of spring in the watershed

The majority of them are classified as reserved/protected
areas. Many mountainous streams can be found in the higher
reaches, which are used to provide an abundance of water
throughout the year. Water for domestic use is still sourced
from springs, tap springs, ground seeps flowing through
mountain streams, or rainwater harvesting structures (Figure
3(d)). The distribution of springs with their geographic
locations in the study area is shown in Figure 4 and Table 2.
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However, streams and springs are drying up and the
hydrological pattern in mountainous areas is shifting. This is
due to population growth and anthropogenic activities but
residents are causing damage to mountainous hydrological
systems (Figure 3(a)). Different physical processes such as
deforestation, siltation, mass wasting etc., influence the
hydrology of the area predominantly at different scales [29].

3. GEOLOGICAL AND STRUCTURAL SETTING

Asan River flows along the axis of the asymmetrical
synclinal valley. It arises in the clayey dipping in the west of
the Asarori-Dehra Road and afterwards the northwesterly
course of about 42 Km, it merges into the Yamuna. The
physiographic units of the watershed are striking in NW-SE to
ENE-WSW. The research area is located in the Doon valley.
The watershed lies between Lesser/Lower Himalaya to the
north and the Outer Himalaya (Siwalik) to the south. The
northern and southern part of the watershed is characterized by
rough mountainous terrain having rocks predominantly of
sedimentary and metamorphic origin. Small seasonal channels
from the Siwaliks and Mussoorie that meet the mainstream are
almost dry for the majority of the year. The drainage pattern is
influenced by slope, lithology and structure to determine the
severity of erosion. It is also susceptible to tectonic features



viz., faults, folding and tilting. The major portion of the study
area is covered by a piedmont zone containing pebbles, gravels,
boulders etc., with scanty exposures of Siwalik in the southern
part of the watershed. These have been transverse by several
structural dislocations, namely the Main Boundary Fault
(MBF), exposed in the north along with other associated
lineaments, some of which are tectonically active. The entire
watershed is divided into four major
hydrogeological/lithostratigraphic units viz., Lesser Himalaya,
Siwaliks, Doon gravels and recent alluvium. Stratigraphically,
each succession is the representation of age, thickness and
environment of deposition [30, 31]. Their stratigraphic
description is mentioned in the subsequent sections (Figure 5,
Table 3).

The directional alignment of structural features such as
faults and thrusts from NE to SW through the north-western
part of the Doon Valley. The study area is bounded in the north
by the Main Boundary Thrust (MBT) with the Lesser
Himalaya and in the south by the Mohand Thrust with the
Lower Siwalik, which falls outside the watershed. The MBT
situated in the region brings Lesser Himalaya (Precambrian)
strata over Doon fan gravel (Quaternary). The activities of
various faults and thrusts provide maximum relief into the
watershed [32]. The Santaugarh thrust [33, 34], the Bhauwala
thrust [35], the Asan and Tons Faults [36], are the other
structural features present in the area. The MBT and rocks of
Middle Siwalik ride over the older fan deposits whereas the
younger fan deposits are eroded into the Santaugarh Fault
hanging blocks. This indicates that the fan gravel found in the
area is derived from the erosion of MBT and Santaugarh
hanging blocks.
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——— Bhauwala Thrust (BT)

Figure 5. Geological and structural map of the Asan
watershed [30, 34]

The foothills of the previously mapped Mussoorie hills
descend in a number of large fans made up of pebbles, cobbles,
and boulders with a sandy matrix [37]. An alluvial fan is
formed by the accumulation of sand, gravel, silt, etc.
(collectively known as alluvium) over a long period due to the
interaction of the river of the stream with mountains or hills.
Because of their resemblance with a fan or section of a shallow
cone, it is called an alluvial fan. It is one of the major
geomorphological units of the watershed identified by the

136

studies [32, 36]. The maximum and minimum elevation of the
Alluvial fan ranges from 1778m to 345m above MSL and
covers an area of 133.51Km?~18.74% of the entire watershed
and the slope ranges from <5<i.e., gentle. The three alluvial
fans Donga, Dehradun, and Bhogpur flow from west to east
through the Lesser Himalaya's front range, depositing terraces
made of a loose mixture of gravel, sand, silt, and clay along
the Asan, Song, and Tons rivers. In addition, a system of
springs covers the entire area [31]. Both the northern and
southern portions have rugged mountainous terrain, with the
majority of the rocks being sedimentary and metamorphic in
origin.

Table 3. Lithostratigraphic succession of Doon Valley [30,
35]

Geological
Units/Formations

Description of
Lithology
Lenticular,

elongated and

medium to fine,
unconsolidated
sand, Silt and clay
generally belong
from Upper Siwalik
Boulders, pebbles,
sand, quartzite and
clay generally
belongs to Lesser

Himalayan and

Siwalik
Rounded boulders,
pebbles, sand and

clay

Age

Recent River alluvium

Late
Pleistocene to
Early Holocene

Doon fan gravel

Late

Pleistocene Old Doon gravels

UNCONFORMITY

Late Pliocene Conglomerate,

to Early Upper Siwalik coarse boulders and
Pleistocene clay bed
Late Miocene Micaceous and
to Early Middle Siwalik intercalation of clay,
Pliocene sandstone
Compact sandstone
Middle L silt and interbedded
: Lower Siwalik
Miocene clay and shale

intercalations
UNCONFORMITY/Main Boundary Thrust
Red Shale,
limestone and
lenticular sandstone
UNCONFORMITY/Krol Thrust
Dolomitic limestone

Palaeocene to

Subathu Formation
Early Eocene

Krol E and Shale
Krol D Dolomitic limestone
Krol Limestone with
Krol C massive sulphurous
content
Krol B Shale
Krol A Limestone
Proterozoic Dark shale, slate,
Infra-
- boulder beds and
Krol/Blaini - .
quartzite, dolomite
Nagthat Quartzite, slate
shale
Phyllite, quartzite,
slate, limestone with
Chandpur

the presence of
quartz bands




4. METHODOLOGY
PREPARATION

AND DATABASE

Significant information about the characteristics of the
streams and watershed behaviour has been extracted from
quantitative analysis of the stream network. In tectonic
geomorphology, the Digital Elevation Model (DEM) is used
for better analysis of topographic parameters and database
generation. Details of the data used in the present study are
shown in Table 4. Further, HEC-GeoHMS extension in
ArcGIS v. 10.3 software is used to delineate the watershed,
extraction of drainage channels and evaluation of different
indices are explained in Tables 5 and 6.

The following methodological procedure is adopted for the
accomplishment of the present work:

(a) Using the WGS 84 datum and UTM projection, the
toposheets are  geometrically  rectified and
georeferenced through ground control points (GCPs).
In addition, ERDAS Imagine 9.1 image processing
software is used to mosaic all geocoded toposheets.

(b) The drainage network of the watershed is generated
through the following geo-processing techniques:
ALOS-PALSAR > Filled DEM > Flow direction >
Flow accumulation > Stream network generation >
Watershed Extraction. The DEM used in the study is
depicted in Figure 1.

(c) The geomorphic indices are assessed by using the
morphometric and morphotectonic  approaches.
Thereafter, the results are determined through a
quantitative parametric analysis using the standard
mathematical equations shown in Tables 5 and 6.

(d) Through digitizing different feature classes from the
subsequent satellite images, four decadal LULC maps
of the area are created (Figure 6). The relevant details
about the satellite images are shown in Table 4.
Thereafter, calculating the area covered by each feature
class, we concluded that, by contrasting the earlier and
more recent scenarios within the region (Table 1).
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Figure 6. Land use land cover map of the study area [22]

Table 4. Detailed information of dataset used for the present study

Data Details Sources
53F/11, 53F/15, 53F/16 & 53J/3 . .
Toposheets (RF*-1:50,000) Survey of India (SOI), Dehradun, India
ALOS-PALSAR* Spatial Resolution-12.5m EORC*/JAXA*

Data description used for LULC classification

Reference year Data/Sensor Path-Row Number of Bands Spatial Resolution Date of Acquisition Sources
Landsat 3 Path-157
1980 MSS* Row-039 4 60m 19/03/1980
Landsat 5 Path-146 -
1995 TM* RoW-039 7 30m 06/12/1995 USGS
Landsat 5 Path-146
2008 TM* Row-039 7 30m 03/04/2008
All the images of Landsat have a scene size of approximately 170km north-south by 185 km east-west.
Path-96
RoOW-49 08/04/2016
Path-96
2016 Resourcesat-2 Row-49 3 58m 02/05/2016 NRSC*
-IV* - ' *
LISS-1V Path-96 08/04/2016 ISRO
Row-50
Path-96
ROW-50 02/05/2016

RF*=Representative Fraction

ALOS-PALSAR*=Advanced Land Observing Satellite-Phased Array type L-band Synthetic Aperture Radar

EORC*=Earth Observation Research Centre
JAXA*=Japan Aerospace Exploration Agency
MSS*= Multispectral Scanner

TM*= Thematic Mapper

USGS*=United States Geological Survey
LISS*=Linear Imaging Self Scanning Sensor
NRSC*=National Remote Sensing Centre
ISRO*=Indian Space Research Organisation



Table 5. Detailed methodology of geomorphic indices related to the morphometric analysis

No. Parameters Formula Explanation Reference
1. Stream Order (S,,) The hierarchical rank of tributaries - Stlrggzer
2 Number of Stream of each Total number of streams of a given ) Strahler

' order (N,,) order 1952
3. Strear(rzl.)ength Total Length of the streams - ch;rdtrc;n
4. Length of mainstream (L) Length of the highest order stream - -

Lym=LyIN,
5 Mean stream length L,,=Total Stream length of ‘S,,” order ) Strahler

' (Lym) N,=Total number of stream segments 1952

of order ‘S,’
L,,=L,/L,1
Stream length ratio L,,=Total stream I‘eng’th of stream order Horton
6. (L) Su - 1945
ur L,-1=Total stream length of its next
lower order
Ry= N/ Ny+1 > 4: Higher ‘R;,’/younger
. . . N,,= Total number of stream segments stage
Bifurcation ratio u o 3.5-4: Moderate Strahler
7. of order S R
(R») N, +1=Number of stre;m segment of Ry"/mature stage 1964
L . 9 <3.5: Lower ‘R,’/ older
next higher order
stage
<3: Flat region
Mean Bifurcation Ratio Average of bifurcation ratio of all 3-5: Least effect of Strahler
8. (Rym) orders geologlc_al structure on the 1964
bm drainage pattern
>5: Structurally controlled
9. Perzg)eter GIS software analysis - Scf;srgm

10 Basin Length The longest dimension of the ) Schumm

' (Lp) watershed 1956
11. A(‘;?)a GIS software analysis - Sclhsjsrgm

0-1: Low
. . D4=%L,/A 1-2: Moderate Horton
12. Dralnagg Density L,,= Stream Length 2-3: Moderately high 1932
(Da) A=Area 3-4: High 1945
4-5: Very high
0-1: Low
Fg=ZN,/A i
13, Stream Frequency N, =Total number of stream of all 2_3:1;5'()%?;21?%% ch;r;gn
(F,) orders i
A=Area of watershed 3-4: High 1945
4-5: Very high
D,=EN, /P <2é \Zerg Coarse
14 Drainage Texture N,=Total number of stream of all 4 é M oarse Smith
. -6: Moderate
(D) orders o 1939
P=Perimeter 6-8: Fine
>8: Very Fine
<0.2: Low flow path
15 Length of overland flow Ly=1/D4*2 0.2-0.3: Moderate flow Horton
' (Lg) D ,=Drainage density path 1945
>0.3: High flow path
R.=2(VA/m)/ L, <0.7: Elongated
16 Elongation ratio A=Area of watershed 0.7-0.8: Less elongated Schumm
’ (Re) L,=Basin length 0.8-0.9: Oval 1956
n=3.14 0.9-1.0: Circular
Basin Relief . H=Z-2 . Strahler
17. (H) Z=Maximum Height of the basin - 1952
z=Height of Basin Mouth
. . Ry=HI/L, >0.29: Steep
18, Relief Ratiof \;"ate“hed Slope H= Basin Relief 0.28-0.17: Moderate Sehmn
(Rn) L,=Basin Length <0.17: Gentle
<1: Low
R,=D;*(H/1000) 1-2: Moderately low
19. Ruggedness Number H=Basin Relief 2-3: Moderate Strahler
(Rn) 1968

D =Drainage Density

3-4: Moderately high
>4: High
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Table 6. Detailed methodology of geomorphic indices related to the morphotectonic analysis

Morphotectonic Parameters

No. Parameters Formula Explanation References
A4,2100(4./A A=50: Stable environmental setting
Drainage Basin f~ (A, : t) A¢>50: Tilting suggested to the left ,
1 As A,=Area of the right (facing downstream) - Molin
. ymmetry ) side
(4r) of the mainstream A¢<50: Tilting suggested to the right 2004
! A,=Area of the watershed Fo g si?j% g
_ Cg; <1.05: Almost Straight
Lo _ Csi= GV Cg; >1.05: Sinuous
Channel Sinuosity Index Cs;=Channel Sinuosity Index . ; Mueller
2. _ Cg; >1.50: Meandering
(Csp) C;=Channel Length . . 1968
V,=Valley distance Cs >1.3: Braided
t Cs; >2.0: Anastomosing
Bs:Lblwb
Basin shape Index L= Length of a watershed measured from _Bs:1.7-3.22 (Elpngated basin) _ Mahmood &
3. (B) the headwaters to the mouth, B,=1.21-1.76 (Semi-elongated basin) Gloaquen 2012
s W= Width of the watershed at its widest B,=1.11-1.20 (Circular basin) g
point
AHS_L"V"Z%EZA:% A{j{i tll_.l de SLingex<500: Tectonically active
4 Stream Length Gradient A[:Length of a reach area Hack
Index (SLingex) L= Horizontal length from the watershed SLind;fSOOfs(’)é)(;.l\l/_lzgstre;tcetli{l:ctlve 1973
divide to a midpoint of the reach index '
H;<0.3: Old stage; maximum
Hypsometric H;= (Enean-Emin)/( Emax-Emin) stability, low erosional susceptibility
E mean=Mean elevation value 0.3<H;<0.6: Mature stage; moderate Strahler
5. Integral e - - g o
(H) Enax= Maximum el_evatlon value erosional suscept_lblllty ) 1952
¢ E nin= Minimum elevation value (outlet) H;>0.6: Young stage; high erosional
susceptibility
5. RESULTS 5.1.1 Linear aspect of drainage pattern & channel network

The current study is based on the evaluation of various
parameters which are assessed by incorporating information
from topographic maps, satellite datasets which include
images and the DEM along with the different mathematical
equations listed in Tables 5 and 6. These are useful in
determining the significant knowledge regarding the presence
and identifying the location of geological structures like faults
and thrusts, differential uplift, erosional control, and the
distribution of tectonism in the region. Based on an analysis of
the drainage network and its characteristics, this study
evaluates 19 morphometric parameters and 5 morphotectonic
parameters individually. Furthermore, a quantitative approach
to determining the structural impact in the watershed is also
focused, in addition to morphological characteristics.

The Main Boundary Thrust, Santaugarh Thrust, Mahajaun
Thrust, Bhauwala Thrust, Nun River Fault, and Asan Fault are
some of the significant structural features of the watershed's
stretch. Tons Fault and Asan Fault are located in the central
and northern portions of the study area, respectively.

The slope and aspect map capture both the direction of
slopes (aspect) and their steepness (degree) respectively. The
LULC classification, areal description and the analysis of the
present status of different classes of the watershed are carried
out for the research in subsequent sections:

5.1 Morphometric analysis

The morphometry of watersheds is the “measurement of
surficial features formed due to endogenetic as well as
exogenetic processes” [38]. Several parameters related to the
morphometric analysis with mathematical equations is shown
in Table 5.
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Linear aspects are closely related to the analysis of the
topographical characteristics of the stream network. The linear
aspect gives information about the unidimensional features of
the watershed. The mathematical equations associated with the
parameters are described in Table 5.

The stream network of the Asan watershed extends to the
sixth-order for the variable threshold of 0.18 Km? or 1200 cells
and shows the dendritic and trellis type of stream network
which is an indication of texture’s homogeneity (Figure 7).
This pattern emerges when the river channel follows the
terrain’s slope and lithology must be impermeable and non-
porous [39]. The number of streams (N, ) belongs to their
respective order are determined and it is shown in Table 7. It’s
worth noting that the first-order has the highest number of 805
streams, while the stream frequency decreases as stream order
increases, with the sixth-order having the lowest i.e., 1. The
sum of streams for each order gives its stream length (L,,).
Table 7, shows that the sum of ‘L,,” is dominant for first-order
streams (745 Km). From the first order to the successive higher
order, the sum of stream length is observed to decrease.

The study [40] defines Bifurcation ratio (R,) as “the ratio
between the total number of streams (N,,) and the number of
streams of the next higher-order (N,,+1)”. The value of the ‘R;,’
for the watershed ranges from 3-5 for all orders. The drainage
network with high ‘R, indicates that the area is tectonically
active with prominent soil erosion [2]. Higher ‘R,’ represent
the younger stage while the lower value indicates the mature
stage of development [41]. The mainstream (Asan River)
passes through the Asan Fault (AF) which corresponds to
higher “ R, ’> (Figure 5). This supports that mainstream
formation is younger than the geologic structures. Mean
Bifurcation Ratio (R,,,) for the watershed is 3.9.



Table 7. Tabular classification representing characteristics of streams

Sy Ny Ly, (Km) Lum Lyy Ry Rbm
1 805 745 0.9 - -
2 258 502 1.9 2.1 3.1
P’;'L(S)i'R 3 67 274 4.1 2.1 3.9
4 20 137 6.9 17 3.4
5 15 39 7.8 11 4.0
6 1 43 43.0 55 5.0
Total 1156 1740 64.6 125 19.3 3.9

S..: Stream order, N,,: Number of streams, L,,: Stream Length,
L,.»: Mean stream length, L,,,.: Stream length ratio, R,,: Bifurcation ratio, R,,,,: Mean Bifurcation ratio
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Figure 7. Stream network belongs to different stream order
of the study area

Based on the classification given by the study [42], ‘R},,” is
classified into three categories <3: flat region; 3-5: least effect
of geologic structure on drainage network; >5: drainage
network is structurally controlled. The calculated value of
‘R, indicates low structural impact and the presence of

moderate slopes on the drainage development of the watershed.

5.1.2 Aerial aspect of the watershed

The aerial aspects of the watershed share a significant
connection with the study of two-dimensional features of the
watershed. The mathematical equations associated with the
parameters are described in Table 5.

The texture and proximity of channels within a watershed
are predicted by drainage density (D;) . Based on the
classification adopted after [43], the value of ‘D’ ranges from
0 to 5 based on lower to higher degree of density; 0-1: Low, 1-
2: Moderate, 2-3: Moderately high, 3-4: High, 4-5: Very high.
In the present study, it is calculated as 2.1 Km™ which
indicates that the area comes within the range of medium
drainage density and rock surfaces drained by the watershed
having moderately permeable strata with medium run-off and
infiltration [41]. Drainage texture (D,) is a degree of the
relative spacing of drainage lines in a fluvial-dissected terrain
[6]. The calculated ‘D,’ for the area is 6.32 Km. According to
Smith’s classification, the different categories of ‘D, are: <2:
Very Coarse; 2-4: Coarse; 4-6: Moderate; 6-8: Fine; >8: Very
fine. Based on the classification, the watershed represents
moderate drainage texture. It also indicates that the area is
developed on a bedrock of moderate permeability (e.g., thin-
bedded sandstone). Stream frequency (F;) is “the total number
of stream segments of all orders per unit area” [43]. Based on
the classification which categorises ‘F;” into five categories: O-
1: Low; 1-2: Moderate; 2-3: Moderately high; 3-4: High; 4-5:
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Very high. Using the methodology (Table 5), the calculated
‘F,” for the study area is 1.64 Km? which indicates that the
watershed has moderate ground slopes, rock permeability, run-
off and infiltration capacity of the watershed [43, 44]. The
length of overland flow (L,) is “the length of water over the
ground before it gets concentrated into certain stream channels
approximately equal to half of the reciprocal of drainage
density” [4]. It affects the geographical and hydrological
development of the watershed. Based on the length of the flow
path, ‘L,’ is classified into different categories: <0.2: Low
flow path; 0.2-0.3: Moderate flow path; >0.3: High flow path.
The calculated value of ‘L, is 0.24 shows a well-developed
stream network with moderate slopes showing surface runoff
travels at a relatively shorter distance before flowing through
the channels. The horizontal projection of the watershed shape
can be represented using the Elongation Ratio (R,) [45]. The
calculated value of ‘R,’is 0.47. According to the classification
adopted after [40], ‘R,’ is divided into different categories
based on the shape of the watershed: <0.7: Elongated; 0.7-0.8:
Less elongated; 0.8-0.9: Oval; 0.9-1.0: Circular. This indicates
that the shape of the watershed is elongated with low to
medium relief and moderate infiltration.

5.1.3 Relief aspect of the watershed

The relief aspects of the watershed share a significant
connection with the “study of the three-dimensional feature
includes area, volume and altitude of the vertical dimension of
landform to analyses of varying geohydrological
characteristics” [6]. This aspect helps in the study of various
geomorphological features which includes analysis of terrain
relief, computing surface, permeability, sub-surface flow, and
landform  development. The mathematical equations
associated with the parameters are described in Table 5.

Basin Relief (H) described as “the basin relief refers to
differences in elevation between the drainage summits and the
watershed outlet” [6]. It is helpful to understand the processes
of geomorphology and several landform characteristics. Basin
Relief (H) of the watershed is 1833m, with a minimum value
(2) is 349m in the vicinity of the mouth (outlet) and a
maximum value (Z) of 2182m in the Lesser Himalayan region.
It indicates runoff and transportation of sediments from the
upper to the lower reaches of the watershed. Relief ratio (R},)
is “the indicative of the stream’s gradient flow and intensity of
erosional process operating on the slope of the watershed” [40].
According to the classification adopted after [3], the ‘R},” is
classified based on the degree of steepness of the slope present
in the watershed and is categorised into several
categories: >0.29: Steep; 0.28-0.17: Moderate; <0.17: Gentle.
The calculated value of ‘R, is 0.23, which indicates the
dominance of moderate to gentle slopes and less resistant
rocks in the watershed. Ruggedness number (R,,) measures the
extent to which basin topography is dissected [7]. According



to classification of basin ruggedness [46], the different
categories include: <1: Low; 1-2: Moderately low; 2-3:
Moderate; 3-4: Moderately high; >4: High. The calculated ‘R,,’
of the study area is 3.8 which suggests that the watershed has
rugged topography and is susceptible to erosion.

5.2 Morphotectonic parameter

The purpose of the qualitative and quantitative analysis is to
describe the part of tectonism that controls river behaviour and
the development of drainage networks [14, 47, 48]. The entire
Doon valley has experienced strong denudational forces and
most of the streams in the valley transported a huge number of
debris. Failure of sediments, deformed rocks, jointed and
shattered rocks, and prominent landslides are all of the results
of tectonism prevalent in the study area. The Doon is bordered
on the east by Ganga and on the west by the Yamuna, both of
the rivers are flowing along the tear fault mark. The Lesser
Himalayan zone, which rises abruptly to approximately
2000m in the area, is represented by the northern portion of
MBT, whereas the Siwalik hills, which rise to approximately
640m and are longitudinally transverse by the Santaugarh
Fault, are represented by the southern portion of MBT [34]. A
broad, active syncline runs through the heart of the Doon
Valley. The MBT runs parallel to the Santaugarh and
Bhauwala Thrust. Several parameters are used in the study
with their mathematical equations, described in Table 6.

77°49'0"E 78°4'30"E

N

30°23'0"N
30°23'0"N

Legend
—— Mainstream
[_]Boundary
DEM

s High : 2182

— 275 55 11 Km
Low : 349

—tt—
78°4'30"E

77°49'0"E
Figure 8. Drainage Basin symmetry

5.2.1 Basin Asymmetry Factor (Af)

The Basin Asymmetry Factor (Ay) is “the ratio of the right
side of the stream facing downstream to the total area of the
watershed” [15]. This parameter determines the tilting of the
watershed due to lateral tectonic shift concerning the trunk-
ordered stream at smaller as well as larger scales [15, 49].

From the methodology adopted by the study [50], the
calculated value of “Ag’ is 57, which suggests tilting toward
the left side of the area (Table 6). In Figure 8, it is also found
that the mainstream of the watershed flows towards the NE
direction and tilts toward the south. The tributaries on the right
side of the trunk stream cover a larger area than the tributaries
on the left, which cover a smaller area. When the underlying
rocks are of the same composition, this parameter expresses
the best result. The difference between an observed and neutral
value is used to calculate the absolute value of ‘A, is (50).
Based on the classification adopted after [51], the absolute
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value of ‘A’ is categorised into different categories: Af<4
(Symmetrical basin); 4<A,<8 (Gently asymmetrical basin);
8< Af <12 (Moderately asymmetrical basin); 12< A; <16
(Asymmetrical basin); A¢>16 (Strongly asymmetric basin) the
observed absolute value of ‘A’ is categorized the watershed
into the gently asymmetrical watershed.

5.2.2 Hypsometric Integral (H;) & hypsometric curve

Hypsometric Integral (H;) is a general but significant
geomorphic index for erosional development in the watershed.
‘H;’ explains the distribution of elevation in the watershed [14].
The Hypsometric Index (value) and the Hypsometric curve are
the result of the hypsometric analysis. Both of them provide
details about the tectonic, erosional, lithological and climatic
factors controlling it [52]. For the study area, the calculated
value of ‘H;’ is 0.50. Based on the shape of the hypsometric
curve mentioned by the study [53], the ‘H;” values are grouped
into three categories based on: H; > 0.5: convex curves;
0.4< H; <0.5: concave-convex/s-shaped curves; H; <0.4:
concave curves (Figure 9). The classification is associated
with young (weakly eroded), mature (moderately eroded) and
old (highly eroded) respectively.
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Figure 9. Graph showing the hypsometric curve

Table 8. Classification of R? with alternate categories [54]

The Coefficient of Cateqories
Determination (R?) 9
<0.50 Poorly adjusted
0.51-0.65 Slightly adjusted
0.66-0.80 Moderately adjusted
0.81-0.95 Sufficiently adjusted
>0.95 Perfectly adjusted

Another classification of ‘H;’, is based on the watershed’s
susceptibility to erosion (Table 6). The calculated value of ‘H;’
reveals that the watershed is susceptible to fluvial erosion
dominantly and corresponds to the mature stage of
development (the susceptibility of erosion is also an indicator
of the presence of the tectonic condition in the watershed and
is associated with a dissected drainage network). The trend
line represents a polynomial equation of the curve for the
Coefficient of determination (R?). The calculated value for ‘R%’
is 0.87 which suggests a very strong relationship between the
ratio of relative area and the relative elevation equation. To
estimate the area under the curve, ‘R? values are incorporated
within the range of 0 to 1 (based on the non-dimensional nature
of the graph) for estimating the area under the curve.
According to the ‘R’ classification (Table 8), the watershed is
sufficiently adjusted to the prevailing conditions [54]. These



conditions can be climatic, topographic and tectonic.

5.2.3 Channel Sinuosity Index (Cg;)

Various researchers have briefly described and formulated
Mueller’s sinuosity index, including [17, 55-57] has redefined
this parameter to integrate hydraulics sinuosity (which is
developed by a channel not influence any alignment related to
valley-wall) and topographic sinuosity (which is disseminated
by valley geometry). The hydro-geomorphic condition of the
river, as well as other factors such as terrain characteristics,
cause it to deviate from its previous path, which is well
measured by ‘Cs,’. Figure 10, depicts the location of the valley
and the length of the channel in the watershed.
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Figure 10. Channel Sinuosity Index showing Channel length
(C;) and Valley length (V;)

The value of ‘Cs,’ calculated for the mainstream of the Asan
River using the equation proposed by the study [17] is 1.3.
This conventional classification suggests that the stream has a
braided course (Table 6). The sinuosity of the river is
dependent upon underlying topography which includes rock
type and structure, climate and vegetation that dominate the
area, the impact of different hydrological factors viz.,
evapotranspiration, precipitation, rainfall, temperature etc.,
sediment deposition in the course of the river channel.

5.2.4 Basin Shape Index (By)

The Basin Shape Index (B,) was proposed by the study [14].
In tectonically active areas, it is one of the most important
parameters for determining the relatively younger drainage
basin. Basin shape influences the fluxes, runoff and sediment
from headwater reaches. In the tectonically active area, the
relatively younger watershed is elongated in a shape
corresponding to the topographic slope or young active fault
[14]. In the present study, the classification proposed by the
study [58] is adopted. The calculated value of the ‘B,” for Asan
watershed is 1.4 suggesting that the shape of the watershed is
elongated and tectonically active (Table 6). This conversion in
the shapes of the watershed is because the width of the
watershed is narrower near the mountain front in the actively
tectonic area.

5.2.5 Stream Length to Height Ratio (SL;pgex)

Stream Length to Height Ratio (SL;,4.,) Was given by the
study [16]. The variation in channel gradient affects the
SLinaex @nd this effect helps to evaluate the tectonism in an
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area. River gradient also reflects the variation of lithology and
is an indication of the tectonically disturbed river [55, 59]. The
structural features such as fault and structural lines are
consistent with the steep slope. It also helps to evaluate relative
tectonic activity. Various tectonic, lithological and/or climatic
factors are responsible for the deviation of river profile [16].
In the present study, SL;,q4er 1S COMputed using DEM. For
every 200m elevation difference, the distance from the source
is determined in a GIS environment [59]. The main tributary
stream of the 6" order, five streams of the 5™ order and three
streams of the 4" order are taken for the calculation of SL;, g
(Figure 11).
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Figure 11. Location of the 4™, 5™ and 6 ordered stream
taken for the analysis of stream length ratio along with major
faults and thrust

The longitudinal profile for corresponding streams and
numerous pronounced topographic break or knick point
distributions along the profile in the middle and upper reaches
of all the prominent streams of the study area are shown in
Figure 12. These breaks or knick points help in examining the
polycyclic nature of landform development and are influenced
by major tectonic structures (fault and thrust) present in the
area.

Based on the categorization of highest to lowest values of
SLingex (Table 6). The average value of SL;,4., fOr the
selected streams is 531, which indicates that the watershed is
tectonically active. The SLj,q4.. iS high where the channels
flow over active uplifts and cross the soft rocks e.g., alluvial.
Conversely, lesser SL;, 4., indicates low tectonic activity and
also rivers flow over less-resistant harder underlying rocks
[60] e.g., Doon gravels. The break distribution shown in
Figure 12, is theoretically influenced by faulting or upliftment
of bedrock due to tectonic activity, base-level variation due to
quaternary climatic deviation and contrasting lithology
behaviour of soft and hard bedrocks [61].

The first stream of the 4™ order designated as ‘4(1)’, reflects
the stream-wise value varies from 0.5-397.5 m and the higher
peaks of the profile of stream are flowing across the Bhauwala
Thrust (BT), Majahaun Fault (MJF), Santaugarh Thrust (ST)
and Main Boundary Thrust (MBT). The second stream of the
4™ order ‘4(2)’, reflects the stream-wise value varies from 1-
347.5m and the higher peaks on the stream’s profile are



traverse across the Main Boundary Thrust (MBT). The third
stream of the 4" order designated as ‘4(3)’, reflects the stream-
wise value varies from 0.5-685m and the higher peaks on the
stream’s profile traverse across the Main Boundary Thrust
(MBT). The first stream of the 5™ order designated as *5(1)’,
reflects the stream-wise value varies from 1-138m and the
higher peaks on the stream’s profile are traverse across Asan
Fault (AF). The second stream of the 5™ order *5(2)’, reflects
the stream-wise value varies from 1-322m and the higher
peaks on the stream’s profile are traversed across the Asan
Fault (AF). The third stream of the 5™ order designated as
‘5(3)’, reflects the stream-wise value varies from 1-758m and
the higher peaks on the stream’s profile are traversed across
Tons Fault (TF) and Bhauwala Thrust (BT). The fourth stream

of the 5 order 5(4)’, reflects the stream-wise value varies
from 1-680m and the higher peaks on the stream’s profile are
traversed across the Bhauwala Thrust (BT), Majahaun Fault
(MJF), Santaugarh Thrust (ST). The fifth stream of the 5
order “5(5)’, reflects the stream-wise value varies from 1-
780m and the higher peaks on the stream’s profile are
traversed across the Bhauwala Thrust (BT) and Santaugarh
Thrust (ST). The stream-wise mean value of SL;, ., Varies
from 0.5 to 566m for the Asan River (mainstream) of the 6%
order of stream network. The higher peaks on the stream’s
profile are traversed across the Asan Fault (AF) and Tons Fault
(TF). Increasing the level of erosion, this fault and thrust zones
along the river’s course may cause landslides.
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Figure 12. Longitudinal river profile and SL;, 4., Of the fourth, fifth and sixth ordered streams (BT-Bhauwala Thrust; ST-
Santaugarh Thrust; MF-Majahaun Fault; TF-Tons Fault; AF-Asan Fault; MBT-Main Boundary Thrust)

5.3 Terrain attributes

5.3.1 Slope

The slope is one of the significant features of the earth’s
surface required for hydrological study in the area. Slope
measures the steepness of the surface (in degrees or percent
rise) at any particular location. Several researchers such as the
studies [57, 62-66] proposed various methods for expressing
slope. In geomorphology, the slope is an amalgamation of
‘form' and ‘process' which includes geology, climate, vegetal
cover and process of weathering respectively. In the present
study, slope maps are generated from DEM using the surface
analyst module in ArcMap v.10.3 (Figure 13). The entire slope
range has been divided into five classes ranging from 5°to 40°.
The classification presents a better picture of slope distribution
in the area. This classification is adopted from the report of
‘The Commission on Slope Evolution’ published in the study
[67]. The steepness of the slope is expressed by its saturation-
steeper slopes have brighter colours.
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Table 9. Slope classes and their aerial extent of the study area

S.N  Slope Class Rg?C?SGOf Utility/ Problem (s/:.rlS%) PZr::;t Cl;,?&':rﬂve
1 Gentle <5 Agriculture, Forestry,_ Good for walk_ing, road 3616 51.9 51.9
transport and railway construction.
5 Moderate 5°10° Difficulties for road building. 12?’-150 limit for 1487 214 733
settlement and industries.
3 Moderate 10220° Road transport _or_ll_y for special vehicles. Limited 98.1 141 874
Steep possibility for construction.
4 Steep 20<230° No possibility of agriculture or building. 50.3 7.2 94.6
ono No cultivation, walking difficult. Mostly forests but
5 Very Steep 307240 also limit of u%ilization in fores)t,ry. 373 54 999
Total 695.9 99.9~100 100

Table 9 portrays the areal distribution of each slope T TSR
category, the range of slope and the frequencies of individual -
slope classes. Around 73.3% of the area in the watershed (7 B i
belongs to a moderate to gentle slope where settlement and AV g
industries are predominant (Figure 3(b)). Because of the ey 7 |,
slightly undulating topography, moderate slopes have a good z 7 >
infiltration zone that leads to maximum infiltration or partial 2 a§
runoff. The northern part of the watershed which mostly 2 =
comprises rocks of Lesser Himalayan formation such as
quartzite, phyllite, limestone, and dolomite of the Chandpur,
Nagthat, Blaini, Krol and Tal formation has a steep slope A
whereas the arcas of flat terrain with gentle slope are g
characterised by river terraces, old landslide debris, saddles, by 2 & 12 K
fluvial fan and so on. e e

The spatial distribution of slope in degrees concerning the Legend TAVE WETE
areal coverage and cumulative percentage is shown in Figure *’“_‘l"‘“F‘lat - I Sothenst (112.5°:157.5% [ Northwest 292.5°337.5%

14. The y-axis of a frequency curve corresponds to the
cumulative percent area of slope classes while the x-axis
corresponds to the cumulative slope in degrees. The area under
the curve, as calculated from the graph was 91.2% accurate. In
the Siwalik zone, because of the presence of a dominantly
steep slope, the fans create piedmont zones along the southern
periphery and moderately dipping beds are visible where water
quickly runoff.

Figure 14. Cumulative frequency distribution for Slope

The northern part of the watershed mostly comprises rocks
of Lesser Himalayan formation such as quartzite, phyllite,
limestone, and dolomite of the Chandpur, Nagthat, Blaini,
Krol and Tal formations have a steep slope, whereas the
relatively flat and gently sloping areas are characterized by
deep weathering, bulges of old landslide debris, river terraces
and fluvial fan. In the Siwalik zone, because of the presence of
a dominantly steep slope, the fans forming the piedmont zone
along the southern fringes of the watershed and moderate to a
steep dip of the bed are seen where water quickly runoff.
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Figure 15. Slope-aspect map

5.3.2 Slope-aspect analysis

The steepest slope direction for a location on the surface is
measured by an aspect map. The aspect map is a critical
parameter for determining the impact of the sun on the local

- 120 climate. In most cases, the west-facing slope will be warmer
g 100 than the east-facing slope during the hottest part of the day. As
E ~ 80 a result, the aspect has a significant impact on the spread of
2 % vegetation types in the area. Aspect is the angle between the
= 60 vertical directions of the steepest slope, it is always measured
—E < 40 in a clockwise direction. Like Slope, the Aspect is also
s calculated from DEM (ALOS-PALSAR) and usually
© o2 measured in degrees. As shown in Figure 15, the aspect
0 categories are represented by hues (e.g., red, orange, yellow,

0 10 20 30 40 50 etc.) and the degree of slope classes are mapped with

Slope (°) saturation (or colour brilliance) so that the steeper slopes are

brighter.

The aerial and frequency distribution of the aspect
categories is shown in Table 10. The aspect reclassify values
are designated the corresponding distribution of aspect classes.

There is a close relationship between aspects, landform
types and natural vegetation in the study area. It is noted from
Table 10, that the northern aspect of the watershed is steeper
than the southern aspect. The north-western aspect is good for
biodiversity. The curve represents the relationship between the
cumulative area and aspect reclassify value increasing toward
the right showing an accuracy of 98% (Figure 16).

The direction of the vegetation and forest growth are good
indicators of the aspect. In the higher reaches of the watershed,
the density of oak and associated species like Cupressus are



well developed in the north-western aspect while the pine is
well dominated in the south-eastern one.
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Figure 16. Cumulative frequency distribution for Slope-
aspect

5.4 Land use/land cover mapping

The most important factors in determining the
topographical features and status of classes in the watershed
are changes in land use and land cover patterns. Estimation and
change in land use patterns suggest resource utilization
through human interferences especially utilizing urbanization
and agriculture [68]. LULC becomes a significant aspect of the
monitoring of different hydrological processes and natural
resources management [5, 20, 21].

In the present paper, the LULC mapping for the years: 1980,
1995, 2008 and 2016 is prepared through visual interpretation
of geo-referenced satellite images of Landsat and LISS-IV
(data description mentioned in Table 4) using ArcMap v.10.3
and ERDAS IMAGINE. The on-screen interpretation is
carried out on a scale of 1:10,000. The map thus generated was
taken to the field for verification and the final vector polygon
map depicting the various land use/land cover classes in the

study area was prepared [22]. The digitization of the different
classes of LULC is based on the classification given by the
studies [69, 70]. It is classified into eight different classes:
built-up (urban and rural), cropland, fallow land, plantation,
evergreen needle leaf forest, deciduous broadleaf forest, mixed
forest, and water bodies (Figure 6).

Remote sensing is also used in hydrologic analysis to
investigate the impact of changing land-use patterns (e.g.,
agricultural pattern, forest coverage, urbanization and so on)
on various hydrologic responses of the watershed. Table 11,
shows the different classes of LULC used in the study.

In 1980, the urban area of the watershed occupied 9.13Km?
(10.38%) which increased by 2.40% in 1995 to reach 11.71
Km? as revealed in Figure 17 and Table 12. The continuous
urban areal increment is visible in 1995-2008 with a 12.39
Km?increase in area to reach 24.43 Km? (30.11%) in 2008 and
11.07 Km? of areal increment of 35.50 Km? (45.79%) in 2016.
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Figure 17. Percentage of urban growth in the area

5.4.1 Areal distribution of LULC classes

Areal statistics of different classes of LULC are given in
Table 1, which corresponds to the dominance of forest class in
the watershed followed by agriculture and built-up.

Table 10. Slope-aspect categories and their aerial extent

S.N. Aspect Classes Division of Aspect Classes

Aspect Reclassify Value

Area (sg.km) Percent Area Cumulative Percent

(@) (%)
1 Flat 0< 1 99.79 14.34 14.34
2 North 0<222.5° 2 58.71 8.44 22.78
3 Northeast 22.5267.5° 3 57.63 8.28 31.06
4 East 67.52112.5° 4 66.84 9.60 40.66
5 Southeast 112.5=157.5° 5 55.30 7.95 48.61
6 South 157.5=202.5° 6 77.51 11.14 59.75
7 Southwest 202.5=247.5° 7 72.20 10.38 70.12
8 West 247.52292.5° 8 72.79 10.46 80.58
9 Northwest 292.5<2337.5° 9 80.67 11.59 92.18
10 North 337.52360° 10 5454 7.84 100.01
Total 695.9 100 100

The result indicates that there is a significant change in the
LULC classes of built-up and plantation. It is found that in the
years 1980, 1995, 2005 and 2016 the total built-up area which
includes rural and urban settlement covers 9.13 Km? in 1980
to 35.50 Km?in 2016. It covers 1.31% to 5.10% of the total
area of the watershed. On the contrary, the percentage of
plantations in the watershed decreases from 3.23% to 2.13%
of the watershed. The area of water bodies that covers the
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watershed also decreases. This is because of the rapid increase
in urbanization, industrialization, and population in the
watershed over the past decades with an additional
requirement for food and shelter. These surface areas are
increasing by decreasing forest surface as well as total forest
surface and water bodies. The watershed is also facing a
problem of high erosion as a result of intense rainfall and
LULC change.



Table 11. Different classes of LULC with description [69,
70]

S.No. Land Cover Description

e  Man-made
structure

e  Residential

e Industrial

1. Settlement e  Commercial
markets

e Industrial area

e Mixed urban or
built up

e Crop field and
pasture

e  Temporary crops
(Nurseries,
vineyards and
ornamental
horticultural
areas

e  Confined
feeding
operation

e  Mixed Bare
ground

e Strip mines

e  Bare exposed

rocks

Quarries and

gravel pits

e Transitional

areas

Beaches

Sandy areas

Shrub and Brush

Mixed

Herbaceous

Deciduous

Evergreen

Mixed

Stream and

canal

River

e  Swamp

Reservoirs

2. Agriculture

3. Fallow land .

4. Rangeland

5. Forest

6. Waterbodies

Table 12. Urban growth of the Asan watershed (1980-2016)

Year Urban Area Urban Area Increase
(Km?) Change (%) (Km?)
Till 1980 9.13 10.38 -
1980-1995 11.71 13.83 2.40
1995-2008 24.43 30.11 12.39
2008-2016 35.50 45.01 11.07

Further, the results validated from field studies, the
dislocation of jointed and weathered rocks due to the presence
of slopes in the Lesser Himalayan region resulted in the
activation of mass wasting in the area. The deflection and
shifting of the water body and the development of flood plains,
deposition of sand and landforms on both sides of the river
(Figure 18). These examples interpret major pieces of
evidence and the parameters which are studied in the research
determine the decisive factors for the presence of tectonics in
the area. The outburst of population and settlement in the
entire region of the watershed particularly in the Lesser
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Himalayan region confirms their decadal increment. The
continuous drying of water bodies over time and changes in
LULC's classes have impacted the water balance of the
watershed by changing the magnitude of flow, which results
in increasing the extent of the water management problem.

Slope with extensive rock failure
@ [} d

,‘Q:I' ) ‘,h‘w‘

vering 1ester Diverse Timli forest range of Siwalik covering

the left portion of the Asan river

River exhibiting shifting of waterbody and
Noadplainy

Figure 18. Different activities responsible to make watershed
fragile and controlled

6. DISCUSSIONS

Geomorphic indices related to drainage network analysis
provide a quantitative description of the stream network which
gives significant information about the characterization of the
watershed. Evaluation of these indices is critical for
maintaining the sustainable development of water resources in
the area. Both the surficial and sub-surficial characteristics of
the watershed are revealed through these indices. The
watershed dynamics are studied by 24 indices which include
19 morphometric and 5 morphotectonic ones. The study
reveals that the stream network exhibits dendritic and trellis
patterns, and extends to 6™ order. Lower-order streams mostly
dominate the watershed covering the largest draining area. The
bifurcation ratio for the 6™ ordered stream network indicates
its value ranges from 3-5 for the entire watershed. The higher
value of the bifurcation ratio (R},) infers to the comparatively
younger stage of stream development and the influence of
structural features in the area. The Asan River (6" order
mainstream) passes through the Asan Fault (AF) represents the
higher value of ‘R,’. On the contrary, the mean bifurcation
ratio (Rp,,) suggests that the overall influence of geological
structure on the drainage pattern of the watershed is minimal.
The watershed is drained by the moderately permeable strata
with medium run-off and infiltration capacity, as evidenced by
the moderate range of drainage density (D;) and drainage
texture (D;). The area has moderate stream frequency (F;)
which reflects the moderate ground slopes, rock permeability,
run-off and infiltration capacity of the watershed. Elongation
ratio (R, ) suggests that the shape of the watershed is elongated.
The length of the flow path (Lg) shows a well-developed
stream network with moderate slopes showing surface runoff
travels at a relatively shorter distance before flowing through
the channels.

From the relief aspect, it is found that the maximum height
of the watershed covers the Lesser Himalaya ranges with the
minimum area and the least elevation is seen in a nearby
position of the mouth of the watershed. The relief ratio (Ry)
suggests that the presence of moderate to gentle slopes and less
resistant rocks in the area increases the discharge capacity and



lowers the groundwater potential of the area. Additionally, the
basement rocks exposed as small ridges and mounds have a
lower slope effect, allowing moderate runoff and erosion. The
calculated value of the Ruggedness number (R,,) suggests that
the watershed has a rugged topography with moderately high
conditions of soil erosion and flood potential.

Asymmetry factor (Af) gives significant information about
the presence of tectonic tilt in the area and shows structural
discontinuity as it passes through major thrust/faults. The
observed absolute value of ‘A;’ categorized the watershed into
gently asymmetrical. The evaluation of Hypsometric integral
(H;) reveals that the convex-concave/S-shaped hypsometric
curve is associated with a mature stage of stream development
corresponding to the presence of moderately eroded strata and
dissected drainage network in the area. The Coefficient of
determination (R?) obtained from the Hypsometric curve of
the watershed reveals that the watershed is sufficiently
adjusted towards the prevailing conditions. The mainstream
follows the braided course and is reflected through the
Channel Sinuosity Index (Cg;). The shape and degree of
activeness of the region are observed by the Basin Shape Index
(B). Based on the classification, the Asan watershed exhibits
an elongated shape. The more elongated the shape of the
watershed, the more active the region. Stream length to height
ratio (SLipgex) is calculated for the major stream of the 6™
order, five streams of the 5™ order and three streams of the 4™
order at an interval of 200m elevation difference from the
source and it reveals the influence of geological structures
such as several faults and thrust affecting the shape of the
longitudinal profile, at the drainage region of the watershed.
The intersection of the longitudinal profile along the streams
may indicate some upliftment in the topography due to
significant tectonic disturbances. Lithological discontinuities
and tectonic uplift have resulted in the development of knick-
points and anomalously high values of SL;,,qex-

The slope and aspect in the area create a huge impact on the
stream network development. From the slope analysis, it is
indicated that the maximum area of around 73.3% of the total
watershed area belongs to a moderate to gentle slope (<5°-10°)
with the predominance of settlement and industries. The
dominance of moderate to gentle slopes in the watershed gives
good support to the infiltration rate. The aspect shows
overestimation in total areal coverage around 99.79Km? ~

14.34% flat followed by 80.67Km? ~ 11.59% northwest aspect.

The north-western aspect is good for biodiversity. The aspect
map suggests that the northern aspect of the watershed is
steeper than the southern aspect. In the high altitude, the
growth and density of oak and associated species like
Cupressus are well in the northern and western aspects while
the pine is well dominated in the south-eastern aspects.
Hydrological dynamics in a river watershed are altered by
LULC change. The LULC shows the changing scenario
(through decades) of the watershed. It shows the dominance of
forest cover followed by agricultural and built-up areas,

particularly in the northern and southern parts of the watershed.

The built-up class from LULC maps of 1980, 1995, 2008 and
2016 revealed that the area increased by four times in as many
decades (from 1980 to 2016). It is because the watershed along
the entire Doon Valley has changed its status and the
government has attracted a large number of institutional and
commercial activities to come up in the area. The
unprecedented growth of the urban area has resulted in chaos,
traffic congestion, overcrowding and mass encroachments on
the drainage system of the watershed.
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7. CONCLUSIONS

The entire study is based on various geo-environmental
factors that have long-term effects on the watershed. The
hydrological behaviour, evolutionary background, and
maturity of the terrain are revealed by the quantitative
geomorphometric analysis of the study area. These are all
crucial in classifying landforms into different morpho-units
and determining how they relate to local geology. The overall
investigation demonstrates that the watershed's drainage
system is transitioning from an early to a mature stage of the
fluvial geomorphic cycle. The area is tectonically active,
according to the analysis of geomorphic indices. The experts
are very concerned about the 36-year spatial variation in the
LULC classes, particularly the four-fold expansion of the
built-up area, and this study directly supports a strong need in
this regard. This study directly supports the need for
sustainable watershed development and management because
of the 36-year spatial variation in the LULC classes, especially
the four-fold expansion of the built-up area.

The overall study recommends that, to maintain sustainable
development, the rate of urban growth in the watershed should
be slowed and the spatial pattern of growth should be changed.
Altogether, this study mainly relates to soil and water
conservation in the watershed, which includes appropriate
land use, runoff prevention, improvement of forests and
grasslands, protection of water supply, management of local
water for irrigation, and enhancement of soil fertility.

By integrating the findings from geomorphic studies,
morphometric parameters, and LULC analysis, our paper
provides valuable insights into the intricate relationship
between human activities and natural processes in the
watershed. These insights can be used to develop effective
management and conservation strategies, ensuring the
sustainable development of the entire area. Also, the study
offers useful guidance to watershed managers in making
decisions during the planning phase as well as in monitoring
and assessing watershed management initiatives.
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