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ABSTRACT 27 

The tectonically active North Western (NW) Himalaya landscape has evolved out of long-term 28 

active gradational interaction of major drainage systems. Landslides act as a primary erosion 29 

agent in these landscapes. We analyzed the spatial distribution of landslide occurrences along 30 

the Chenab, Beas, Sutlej, Yamuna, Ganga, and Kali rivers catchments in NW Himalaya to 31 

characterize landscape attributes. Further, spatial variability across different climatic zones 32 

viz., Western Disturbances –Indian Summer Monsoon (WD-ISM) was assessed. Seismicity 33 

and geochronological data were used to analyze the impact of bedrock landslides on landscape 34 

evolution. The denudation rate of the studied catchments was spatially correlated with 35 

exhumation age, precipitation intensity, and topographic variables. The highest probability of 36 

frequent landslides occurrence was found in the zones with ~24-32° of slope range, ~800-37 

1200m of relief range, in 1200-2400m elevation range, which coincides with the precipitation 38 

erosivity range of ~1500-3000 mm/year in NW Himalayan river catchments. These zones also 39 

correlate well with the zones of cloudburst occurrences in NW Himalaya. Landslides in the 40 

Higher Himalaya, north of the MCT and across westerly dominated catchments such as 41 

Chenab, Beas, and Sutlej along the orographic barrier, are primarily triggered by higher 42 

tectonic activity. In contrast, landslides adjacent to the MCT in the front of the orographic 43 

barrier and across summer monsoon-dominated catchments such as Yamuna, Ganga, and Kali 44 

are controlled by litho-tectonics and mainly induced by higher precipitation intensity. It has 45 

been observed that catchments dominated by westerlies have a higher mean denudation rate 46 

and mean exhumation age than catchments driven by the Indian summer monsoon.  47 

Keywords: Bedrock Landslides, Precipitation gradient, Topographic variables, NW Himalaya. 48 
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1. INTRODUCTION 59 

The steeped topography in a mountainous landform develops due to the interaction of tectonic 60 

forces that constitutes the surface uplift and the erosional process, associated with climate 61 

forcing (Champagnac et al., 2012). In any tectonically active landscape, landslides are act as 62 

the primary mass wasting process by which rock, soil and or debris moves downward due to 63 

action of gravity and the spatial interrelationship of tectonic and climate are considered as the 64 

principal driving agents in the controlling the distribution and frequency of landslides over 65 

landscape evolution (Gupta et al., 2018; 2019; 2022). Apart from tectonic and climate, the mass 66 

wasting process is controlled by the various local geomorphic and lithological agents such as 67 

slope distribution, relief, river morphology, structures and precipitation gradient and 68 

interaction of these agents with geological materials (Sanchez et al., 2010). The influence of 69 

tectonic on stream channel morphology is observable not only in the dimension, channel-width, 70 

and setting along the mountainous terrain, but over the normalized steepness of river profiles, 71 

the character of mountain slopes, and in the form of stream network that flow along regional 72 

lithological setup (Larsen & Montgomery, 2012). The mechanism of the bedrock landslides 73 

are considered as the primary process that respond to rapid incision over the development of 74 

the fluvial drainage network whereas the hillslope process are in general process (Korup et al., 75 

2010). In general, topographic relief change, litho-tectonic setup, seismic distribution and 76 

climatic conditions, apart from the uncontrolled anthropogenic interference, are the common 77 

causes of initiation of bedrock landslides that have large socio-economic and environmental 78 

impacts.  79 

The most significant component that affects sediment transport in moderate-to-steep 80 

topographic setups is erosion as a result of landslides or slope failure processes in the 81 

mountainous landscape (Ouimet et al., 2007; Broeckx et al., 2020). The long-term topographic 82 

growth process along non-glaciated fluvial landforms, is primarily governed by the connection 83 

between tectonic uplift and fluvial process dominated erosion (Whipple and Tucker, 1999; 84 

Wobus et al., 2006). In mountainous catchments, bedrock river channels incise into the bedrock 85 

terrain and operate as a transporting agent, conveying eroded sediment out of the mountain 86 

range and towards the ocean (Milliman and Meade, 1983; Campforts et al., 2020). These river 87 

incision processes prolong sediment transport, lowering the base level along adjacent hillslopes 88 

and causing slope failures (Campforts et al., 2020). This slope failure mechanism, on the other 89 

hand, obstructs downstream channels with eroded sediment and incorporates bedrock incision 90 

until landslide-derived sediment has been moved out of the system by mass wasting (Larsen 91 
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and Montgomery, 2012; Ouimet et al., 2007; Korup et al., 2010; Shobe et al., 2016; Glade et 92 

al., 2019).  93 

     The interrelationship among landslides dynamics and fluvial mechanism in mountainous 94 

terrain is significant to understand the landscape evolution process and the corresponding 95 

sediment transport over the long-term scale (Pedersen & Egholm, 2013; Campforts et al., 96 

2020). The growing understanding of the spatial distribution of landslides occurrence and there 97 

controlling variables has resulted in more efficient landslide susceptibility evaluation (Guzzetti 98 

et al., 2006), but procedure modulating landslide rate estimation (Broeckx et al., 2020) and 99 

landslide-driven sediment transport flux is not defined yet (Hovius et al., 2011; Croissant et al., 100 

2017, 2019; Zhang et al., 2019; Broeckx et al., 2020). The impact of landslides on landscape 101 

evolution has been studied in many ways, including integrating river morphology with 102 

landslide dynamics and numerical simulations in a landscape evolution model (Densmore & 103 

Hovius, 2000; Champel et al., 2002; Egholm et al., 2013). The Numerical simulation of 104 

landscape attributes are significant tools to understand relationships between surface processes 105 

over long term spatio-temporal scales (Tucker and Hancock, 2010; Campforts et al., 2020). 106 

Both stream power and sediment transport via the downstream segment influence the fluvial 107 

incision. (Whipple et al., 2000; Hancock and Anderson, 2002; Turowski et al., 2007). The 108 

present study comprises the impact of bedrock landslides over the mechanism of landscape 109 

evolution process across the six major river catchments such as Chenab, Beas, Sutlej, Yamuna, 110 

Ganga and Kali in the NW Himalayan terrain.  111 

1.1 Regional Geomorphic Setup 112 

The landscape of a mountainous terrain is shaped by the drainage catchments and its basement 113 

tectonics (Jaiswara et al., 2019b). The Himalayan-Tibetan orogen system was formed by the 114 

intercontinental collision of the Indian and Eurasian litho-tectonic plates (Searle et al., 1997; 115 

Yin and Harrison 2000). The actively incising NW Himalayan mountainous landscape is 116 

geologically constituting the following litho-tectonic divisions, that are bounded by intracrustal 117 

thrusts and detachment faults namely; Indus Tsangpo Suture Zone (ITSZ) that represent the 118 

collision zones of these lithospheric plates (Yin and Harrison 2000), Tethyan Himalayan 119 

sequence that defines the northern boundary of ITSZ (Searle, 1986; Steck et al., 1998; Schlup 120 

et al., 2003), Higher Himalaya sequence that is bound by South Tibetan Detachment System 121 

(STDS) from north and Main Central Thrust (MCT) from south (Frank et al., 1973; Searle and 122 

Fryer, 1986; Walker et al., 1999; Miller et al., 2001; Vannay et al., 2004), the Lesser Himalaya 123 

sequence is limited on the south by Main Boundary Thrust (MBT) and on the north by the Main 124 
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Frontal Thrust(MFT) along Outer/Sub Himalaya region (Miller et al., 2000; Vannay et al., 125 

2004) (Fig.1c) . These litho-tectonic units have decreasing initiation ages from north to south 126 

(Orr et al., 2019, 2021). In tectonically active Mountainous region such as the western 127 

Himalaya, landslides are the most significant integrant of the orogeny (Korup et al., 2010). The 128 

western Himalayan landscape is evolved over several tectonically active faults and thrust 129 

system, and due to the much steeped topography along or close to these discontinuities setup, 130 

made these region highly unstable and vulnerable to hillslope failure (Gupta et al., 2017, 2019, 131 

2022). This is also due to the litho-tectonic background of draining rock masses, as well as the 132 

disastrous geomorphic configuration of steep undulating slopes and higher relief ranges around 133 

these discontinuities (Gupta & Shah, 2008; Gupta et al., 2017).  134 

  Since in the NW Himalayan landscape, Landslides occurrence are often characterized by the 135 

two most prominent factor such as Seismically induced or either Precipitation induced slope 136 

failure process, but coupling of both the factor had a significant role on Topographic time scale 137 

(Roback et al., 2018). The majority of the western Himalayan region falls within seismic zones 138 

IV and V, indicating a high level of earthquake susceptibility. (Prakash S., 2013). The 1905 139 

Kangra (M 7.8), 1934 Bihar (M 8.4), and 1950 Upper Assam (M 8.5) earthquakes are the most 140 

notable earthquakes of M > 8 that have occurred along the Himalayan arc in the last 100 years. 141 

(Seeber and Armbruster, 1981; Ambraseys and Bilham, 2000; Bilham et al., 2001). The 142 

previous studies in the Himalayan domain have defined geomorphic expressions such as 143 

displaced and warped late, evidence of paleo-lake formation due to movements along active 144 

faults, gullied surfaces marked by ravines and the development of canyons/deep narrow gorges, 145 

entrenched channels, and waterfalls, which are all indicative of active tectonics and fault 146 

displacement and its influence on the evolution of the landscape. (Seeber and Gornitz, 1983; 147 

Valdiya, 1996, 1999; Nakata, 1972; Malik and Nakata, 2003). As landslides are one of the most 148 

significant principal mass wasting process in tectonically active mountains (Ballantyne, 2002; 149 

Hovius, Stark, & Allen, 1997; Shroder & Bishop, 1998; Sanchez et al., 2010), the distribution 150 

and frequency of landslides are also considered to be driven by the climate. (Borgatti & Soldati; 151 

2010). Although the proceeding precipitation before the earthquake events also makes the 152 

slopes more susceptible to landslide. The landslide distribution in the NW Himalayan region 153 

clusters to the south of the higher relief zone. The landslide clusters marks the zone of active 154 

erosions and has important role in landscape evolution. In the collisional orogeny, the spatial-155 

temporal linkage of tectonics and climate has been observed frequently. Hillslope erosion is a 156 
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significant factor in such interrelationships, notably when the surface imprints are landslides. 157 

(Ballantyne, 2002; Hovius et al., 1997; Korup et al., 2010). 158 

              The NW Himalaya terrain constitute large variations in relief (ranging >500-5000 m) 159 

from low lying valleys (close to mean sea level) to high elevated mountainous regions (ranging 160 

>7000m) as well as plateau regions (Fig. 1a), whereas higher relief zone >4 km and > 6 km 161 

elevation ranges coincides with the Higher Himalayan to lesser Himalayan zone. This zone of 162 

higher relief coincides with the zone of higher slopes, which varies from 0-85° (Fig. 1c). The 163 

high relief and high slope terrain in Higher to lesser Himalayan region are prone to slope 164 

instability.  165 

1.2 Regional Climatic Setup 166 

Since one of the most key parameters influencing erosion as a function of landslide drivers in 167 

any mountainous landscape is precipitation. The western Himalaya region witness two 168 

different sets of seasonal and spatial Variation in Orographic precipitation (Bookhagen et al., 169 

2005a, 2005b; Bookhagen and Burbank., 2010; Dimri et al., 2018) classified as Western 170 

disturbance or Westerlies active during December-February month (Dimri et al., 2017) along 171 

the higher altitudes over the higher Himalayas and Indian Summer Monsoon dominant during 172 

June-September along the southern front (Bookhagen et al., 2005a). This precipitation 173 

correspondent act as a primary factor for the erosion and flooding in southern fronts of the 174 

Himalaya (Bookhagen al., 2004; 2005b) where landslides are the principal drivers. The Winter 175 

Precipitation occurs mainly in forms of snowfall between December and February in the Higher 176 

Himalayas and light to moderate precipitation over the outer Himalayas and the adjoining north 177 

Indo-gangetic plains and decreases with elevation (Singh and Kumar, 1997; Wulf et al., 2010; 178 

Dimri et al., 2015; 2017). However, the Indian summer monsoon accounts for intense 179 

precipitation during mid-July to mid-September and it is demonstrative focused in the elevation 180 

range of (1000±400m) and (2500±500m) in the southern Himalayan front (Fig. 1b) 181 

(Bookhagen & Burbank 2006; 2010). The Higher Himalaya with > 2000m topographic relief 182 

and >3000 m average elevation acts as topographic barrier that inhibits most summer 183 

monsoonal moisture to migrate northward into the orogeny and therefore creates a steep 184 

orographic precipitation gradient (Fig. 1a; 4a) (Bookhagen and Burbank, 2006; 2010). The 185 

annual precipitation during Indian summer monsoon decreases from >200mm towards 186 

southern mountain front to < 20 mm in the interior of the orogen within a spatial distance of 187 

<100-150 km (Bookhagen et al., 2005a; Wulf et al., 2010). Thus, while the spatial distribution 188 
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of Indian Summer Monsoon & Western Disturbance Orographic Precipitation is critical to 189 

understanding Himalayan erosion on long and short timescales (Bookhagen et al., 2004; 2005b; 190 

2011), the relationship between precipitation and Himalayan topography is still poorly defined. 191 

During the summer monsoon season, the intense seasonal precipitation leads in optimal river 192 

flows and sediment fluxes, and orographic processes result in noticeable spatial fluctuations in 193 

runoff magnitude, generating slope instability. (Bookhagen et al., 2004; Bookhagen & Burbank 194 

2010).  195 

          The Indian summer monsoon is part of a larger event known as the Inter-Tropical 196 

Convergence Zone (ITCZ). The ITCZ distinguishes between wind motion projections in the 197 

southern and northern hemispheres. (Gadgil 2003; Bookhagen et al., 2005b). The latent heat 198 

released by moisture condensation exerted due to the relatively high Tibetan Plateau and the 199 

comparative warmth of the Asian mainland with the adjacent Indian oceans established the 200 

Indian Summer Monsoon circulation. (Webster et al., 1998; Bookhagen et al., 2005a). The 201 

summer monsoonal moisture are projected along the southern Himalayan front to the 202 

northwest, causing high intensified precipitation over the mountain front (Bookhagen & 203 

Burbank 2006). As the local topography controls the moisture transport along orographic 204 

barriers into deeply incised valleys perpendicular to the mountain front (Bookhagen et al., 205 

2005b). This interrelationship between the moisture transport and topography controls the 206 

intensity and distribution of precipitation. The Summer Monsoon's high precipitation intensity 207 

exert a significant control over river discharge and sediment transport, resulting in major 208 

flooding and landslide activity along downstream over the southern part orographic 209 

barrier.   (Bookhagen & Burbank 2006, 2010). 210 

Although the southwest Indian summer monsoon and the westerlies have a differential impact 211 

on the western Himalayan region in the summer and winter months (Scherler et al., 2010; Wulf 212 

et al., 2010).  The majority of precipitation that contributes to the annual mean occurs from 213 

June to September months along the southern front of the Himalayan foreland, when humid air 214 

masses from the Indian summer monsoon approach towards the Himalayan front (Bookhagen 215 

and Burbank, 2010). A substantial two-banded precipitation pattern coincides with the spatial 216 

heterogeneity along the south-east across-strike changes in surface elevation (Bookhagen and 217 

Burbank, 2006). The outer band of high rainfall (>250 mm/y) is found approximately north of 218 

the MBT in the Lesser Himalayas, whereas the inner band is found near the MCT at the 219 

geomorphic transition of the Lesser to the Higher Himalayas and is quite well expressed in the 220 

NW Himalayan bedrock river catchment (Bookhagen and Burbank, 2006, 2010). At elevations 221 
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>3000 m, annual precipitation steeply decreases northward, whereas snowfall increases (Wulf 222 

et al., 2010), and vegetation cover gets gradually replaced by bare rock. 223 

2. Hypothesis: 224 

The bedrock landslides are the most significant component in the Himalayan terrain, 225 

controlling the surface process and exerting a strong influence on Himalayan hydrological 226 

budgets through terrestrial sediment transport, followed by bedrock river discharge. The 227 

landslide-derived sediment dynamics are aided by bedrock rivers in steep terrain. 228 

Understanding the landscape response towards the linkage of topographic-climatic attributes 229 

controlling the spatial distribution of landslides over the uplift-erosion setup in a tectonically 230 

active background involves analysing the interrelationship between these bedrock rivers and 231 

landslide process in the Himalayan terrain. 232 

3. Materials & Methodology 233 

We processed Open Source satellite derived SRTM - 30 meter; (http://srtm.csi.cgiar.org/) 234 

spatial Resolution topography Datasets for Landscape characterization and resampled the data 235 

using ‘elevation void fill function' in ArcGIS to avoid null-error (Jarvis et al., 2008). We used 236 

the D8-algorithm to extract the drainage network (O'Callaghan and Mark, 1984) and drainage 237 

divide extraction of the major River systems (Chenab, Beas, Sutlej, Yamuna, Ganga, and Kali) 238 

taking MFT as a base level, in NW Himalaya. Precipitation data for the last 21 years (2001– 239 

2021) monthly datasets having 0.1° spatial Resolution from the Global Precipitation 240 

Measurement (GPM) have been obtained from (NASA – LP DAAC open source portal) to 241 

understand its role in regional gradation (erosion) process.  Spatial landslides inventory datasets 242 

are obtained from Bhukosh portal of the Geological Survey of India 243 

(http://bhukosh.gsi.gov.in/) and spatial earthquake datasets are obtained from NASA-USGS 244 

open source platform (https://earthquake.usgs.gov). The geology, tectonic features and 245 

geographic location of denudation rates in the studied river catchments are compiled from 246 

previously published literatures (SM1).  247 

In the present study we derived the topographic attributes such as slope, relief using elevation 248 

data and generate the seasonal and annual mean precipitation maps in GIS platform using 249 

ArcGIS. The relief map is generate by passing 900 m rectangular radius focal range window 250 

and the slope map by passing 500 m radius mean filter over the slope model from DEM owing 251 

to regional nature of present study (Jaiswara et al., 2019a, b). The geographic distribution of 252 

landslides points over the topographic attributes such as elevation, slope and relief as well as 253 
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Climatic attributes such as Precipitation gradient are extracted using “extract multi values to a 254 

point” tool in ArcGIS. Further the extracted gridded values datasets are evaluated through the 255 

statistical analysis in order to find highest probability density frequency for the spatial 256 

landslides occurrences over the topographic and climatic attributes in the studied bedrock river 257 

catchments in NW Himalaya. The quantitative landscape modeling through geomorphic 258 

indices from Digital Elevation Models are calculated in the MATLAB platforms using 259 

Transient-Profiler (Jaiswara et al., 2019a, 2020) and other tools (Schwanghart and Scherler, 260 

2014). We evaluate the spatial interrelationship of regional landscape with the controlling 261 

attributes of bedrock landslides occurrences in NW Himalaya using following proxies. 262 

3.1 Topographic distribution: Hypsometric Integral (Hi), slope frequency  263 

 In a drainage basin, the hypsometric integral (Hi) represents the relative distribution of 264 

elevation in a given area of the landscape. (Strahler, 1952). The Hi is a proxy for the basin's 265 

maturity stage since it describes the percentage area below the hypsometric curve that 266 

represents the volume of a basin that has not been eroded. (Strahler, 1952; Keller and Pinter, 267 

2002).  We derive slope frequency and hypsometry curves for the studied six river basins to 268 

characterize the spatial variation in the gradational response concerning the base level. These 269 

basic parameters define the broad evolutionary stage and the landscape’s spatial variability and 270 

help assess variation in controlling factors (Strahler, 1952; Schumm, 1979).   271 

                    Hi = (hmean – hmin) / (hmax+hmin) ………………. (1) 272 

Where, Hi is the hypsometric integral and hmax, hmin, and hmean are the maximum, the 273 

minimum, and the mean elevation, respectively. Thus, high hypsometric integral indicates 274 

younger or youthful stage of landscapes while as intermediate to lower values for older ones 275 

as the landscape is denuded towards a stage of maturity and old stages (Strahler, 1952; Keller 276 

and Pinter, 2002). 277 

3.2 Geophysical Relief- Minimum Eroded Rock Column   278 

The geophysical relief of a region estimates a minimum cumulative eroded column in a 279 

landscape assuming a theoretical pre-incision surface, which is derived from the interpolation 280 

of the elevation from the current drainage divides to the corresponding riverbed with an 281 

assumption that the erosional process does not affect drainage divides (Abbott et al., 1997; 282 

Small and Anderson, 1998; Brocklehurst and Whipple, 2002). The spatial variability of the 283 

geophysical relief has been correlated with the Ksn and previously published denudation rates 284 

to understand long-term erosion localization across the studied river basin. 285 
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In the present study we use a proxy to determine the exhumation age (Ma) of the studied 286 

catchments with observed sample locations using the denudation rate and geophysical relief. 287 

We divide the geophysical relief (m) of the observed sample location with the denudation rate 288 

(mm/y), to quantify the proxy exhumation rate using the relation (SM1): 289 

Exhumation rate = ((GR*1000)/ DR)/ 106……… (2) 290 

Where; GR= Geophysical relief (m), DR= Denudation rate (mm/y)   291 

3.3 Steepness index- slope-area analysis 292 

The topographic relief of the erosional landscape is mostly determined by the shape of the river 293 

profile. The reference concavity (ref) was used to calculate a normalised steepness index (Ksn), 294 

which allows for a fair comparison across the basins despite their significantly different areas. 295 

(Wobus et al., 2006). Rivers tend to have a steady-state graded profile, which may be 296 

represented using the power law relationship between the local channel slope (S) along the 297 

river profile segment and the associated contributing drainage area (A) as follows: (Flint, 298 

1974): 299 

                                                        𝑆 = 𝑘𝑠𝐴−𝜃 …………. (3) 300 

Where ks (= [U/K] 1/n) is the channel steepness index, θ [=m/n] is the channel concavity index, 301 

m and 𝑛 are positive constants, U is the rock uplift rate (erosion rate (E) at a steady state), and 302 

ks represents the bedrock strength and/or climate. 303 

4. Results 304 

4.1 Landslides distribution over landscape characterization 305 

The Western Himalayan region has higher frequency of landslides occurrence as compared to 306 

central and eastern Himalayan region, due to its higher relief change, slope gradient and 307 

topographic ruggedness. Since it was profound that the western Himalayas are climatically 308 

sensitive region, due to its setting near the consummation of the monsoon bearer belt, where 309 

changes in the strength of projection system of the summer monsoonal intensity and intensity 310 

of Western Disturbance interacts and their influence on orography growth processes can be 311 

examined (Bhatt and Nakamura., 2005). The spatial distribution of bedrock landslides in 312 

western Himalayan landscape shows the spatial contiguity of tectonics and Climatic linkage of 313 

the bedrock terrain in modulating surface process with landslides occurrence plotted over the 314 
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studied River catchments area. We analyzed the landslides distribution as a function of erosion 315 

process in a River catchment scale to understand its role in the landscape evolution. The 316 

characteristic of spatial distribution suggest that the highest probability density frequency of 317 

landslides occurrence lies within ~24-32° of Slope range, ~800-1200 m of Relief range, in 318 

1200-2400 m Elevation range, which coincides with the Precipitation erosivity range of ~1500-319 

3000 mm/year (Fig. 2, 3).  320 

The frequency distributions of landslides occurrences suggest the relative behaviour of erosion 321 

in a given bedrock river catchment (Stark and Hovius, 2001). In the western Himalayan 322 

catchments, the observed Weibull distribution and a power-law distribution of mean slope 323 

frequency and landslide occurrence frequency distribution imply a possible systematic 324 

mechanism for linking bedrock landslide dynamics in the landscape evolution process. 325 

(Iwahashi et al., 2003). To analyze the landscape association with the landslides occurrence in 326 

the NW Himalayan River catchments, we plotted the slope distribution pattern of the studied 327 

river catchments, which follows power-law with a bell-shaped slope frequency distribution 328 

(Burbank & Anderson 2013). The Yamuna, Ganga, and Kali in the high relief zone show a 329 

Gaussian distribution with a mean slope of ~25-30°, suggesting higher ruggedness. The slope 330 

frequency distribution of the Sutlej catchments show exponential distribution with over 50% 331 

area has average slope<10°, whereas Chenab and Beas showing Weibull distribution pattern 332 

with a mean slope of ~25-30° (Fig. A1b).  333 

In order to understand the role of landslides distribution in the landscape evolution, we 334 

calculated hypsometric integral (Hi) (Strahler, 1952; Schumm, 1979) using hypsometric curves 335 

and plotted the Slope frequency distribution of the studied River catchments. The elevated 336 

landscape of western Himalayan River catchments such as Chenab and Sutlej show a youthful 337 

landscape with higher Hi values 0.43 and 0.57 respectively. Whereas the catchments Beas, 338 

Yamuna, Ganga and Kali showing a mature landscape with lower Hi such as 0.33, 0.30, 0.36, 339 

and 0.32, respectively° (Fig.  A1a). The higher Hi values corresponds to a higher incision and 340 

landscape rejuvenation, which is also reflected in the relief and slope pattern. This suggest a 341 

spatial variation in erosional coupling with the active tectonics producing characteristic spatial 342 

variability in the landscape (Zeitler et al., 2014).  343 

 344 

 345 
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4.2 Landslides process over the landscape evolution 346 

In order to understand the tectonic association and the landscape response in the landslides 347 

process along the studied River catchments, the normalized steepness index (Ksn) had been 348 

used. The Ksn distribution over the mountainous terrain represent a constituent of the “stream 349 

power” and has been widely used as an erosion proxy to understand the active tectonics in 350 

River valleys (Flint, 1974; Howard & Kerby, 1983; Wobus et al., 2006; Gupta et al., 2018). 351 

Generally, it was suggested that the higher Ksn values indicates high uplift region and the lower 352 

Ksn indicates low uplift zones (Gupta et al., 2018).  A normalized steepness index (Ksn) was 353 

computed at the reference concavity (θref) 0.45, which allows a fair comparison across all the 354 

catchments regardless their significantly varying areas (Wobus et al., 2006; Kirby and Whipple 355 

2012) and has been used for determining the regional Ksn of the studied River catchments in 356 

NW Himalayan region. The spatial variability of the normalized Ksn for all the River 357 

catchments ranges from (4.5 – 1600) m, which has been correlated with the landsides and 358 

earthquakes occurrences over the topographic relief (Fig.4a). The spatial distribution of 359 

landsides occurrence correlated with higher Ksn values suggesting higher incision regime in a 360 

200 km spatial buffer distance from MCT along the downstream. We characterize the Ksn 361 

values in Quantile distribution which classify the range of the observation into continuous 362 

intervals with equal probabilities. The Ksn distribution suggests that the downstream channel 363 

segments of the studied River catchments exhibit higher Ksn (> 252.8 m) suggesting higher 364 

dynamic incision (Fig. 4a); whereas the lower Ksn is observed in upper segments of the channel 365 

suggesting relative erosional quiescence. The Ksn values are overlaid over the topographic 366 

relief, which suggest that higher relief ranges proportionally correlates with high Ksn values 367 

along the STDS-MCT structural affinity. The spatial variability of topographic relief with the 368 

Ksn range suggest different characteristics in the studied catchments such as; First one in the 369 

Tethyan-Higher Himalayan sequence in the Sutlej catchments across STDS-MCT where Ksn 370 

achieves its highest values ranges ~ 252.8- 1600 m and relief ranges at ~ (2.5- 3.5) km. This 371 

zone is constrained with seismicity distribution in the litho-tectonic setup indicating active 372 

tectonics interference, which also act as the principal driver for the landslides initiation as a 373 

function of erosion along the downstream segment. Second one in the Upper Ganga-Kali 374 

catchment where relief range reaches maximum upto ~ (4-5) Km with corresponding Ksn 375 

ranges as  (252.8- 1000) m. third one in the Chenab-Beas catchment where relief ranges (2-3) 376 

km with corresponding Ksn value ranges ~ (153.8 – 600) m. The amplitude of Ksn with 377 

corresponding relief decreases towards lower Himalayan sequence across MBT-MFT in the 378 
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downstream segment. The spatial distribution of regional earthquakes in the higher Himalayas 379 

along the northern side of landslides occurrence over the litho-tectonic setup indicates as a 380 

major driving agent of in the topographic interference. 381 

                   The Ksn distribution demonstrate the spatial erosion efficiency and the same can 382 

be estimated for a long period in the form of geophysical relief, which estimates the minimum 383 

eroded column considering the drainage divide in equilibrium (Abbott, 1997). The spatial 384 

variability of the geophysical relief has been correlated with the Ksn, Denudation rates and 385 

landslides datasets to understand long-term erosion localization across the studied River 386 

catchments. Three distinct area across the Studied River basin show a characteristics 387 

geophysical relief distribution ranges from (0-4) km, such as the Upper Ganga-Kali River 388 

segment across STDS and MCT structural affinity which shows maximum geophysical relief 389 

ranging ranges ~ (3-4) km, second along downstream segment of Sutlej River across MCT and 390 

MBT structural affinity which ranges ~ (2-3.5) km, and third along Beas and Chenab segment 391 

across MCT-MBT structural association which ranges < 3 km (Fig.4b). The geophysical relief 392 

in the Upper Ganga adjoining Kali catchments show maximum erosions which decreases 393 

southward to ~0-200 m along the MFT. The close association of high Ksn-geophysical relief 394 

with the active structures across the studied catchments with the cluster of landslides 395 

occurrence, we analyzed the spatial variation as the function of landslides driven incision to 396 

understand coupling of landslides dynamics and long erosion that may have implication on 397 

landscape evolution of the region (Clift et al, 2005; Saylor et al., 2010).  398 

4.3 Landslides mechanism over orographic process 399 

The rate of sediment production, the ability of sediment transport along channels, and the total 400 

contribution of landslides frequency to the sediment budget on a catchment scale are usually 401 

used to define the geomorphic control of bedrock landslides. (Korup et al., 2009). Within a 402 

given catchment, the amount of total sediment produced by bedrock landslides as a function of 403 

erosional proxy is a function of their frequency and amplitude. (Crozier and Glade, 1999; Reid 404 

and Page, 2003). Although, seismically or precipitation-induced landslide occurrence 405 

frequently produce higher incision rate through the sediment production in long-term 406 

catchment scale (Korup et al., 2009). However, in the short to long term scale, sediment transfer 407 

of landslide degraded material to the channel network may be considered a stochastic process. 408 

(Benda and Dunne, 1997; Tucker, 2004). In order to understand the role of landslides 409 

occurrence in mountain building process, we quantify the spatial interrelationship between 410 

previously published incision rate and exhumation age (Rao et al., 1997; Scherler et al., 2014; 411 
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Morell et al., 2015; Bookhagen et al., 2016) dataset in the studied river catchments with 412 

geomorphic parameters and established the linkage between them (Fig.5). We characterize the 413 

obtained geochronology datasets in two category as first in westerlies dominated segment such 414 

as Chenab, Beas and Sutlej river catchments (Fig.5a, b, and c). Second in Indian summer 415 

Monsoon dominated segment such as Yamuna, Ganga and Kali river catchments (Fig.5d, e, 416 

and f). The statistical trend analysis of observed mean denudation rate and mean exhumation 417 

age between two segments suggest that the westerlies dominated catchments have relatively 418 

higher mean denudation rate as 0.5 mm/y and mean exhumation age as 4.5 Ma with respect to 419 

Indian summer monsoon dominated catchments which shows mean denudation rate as 0.3 420 

mm/y and mean exhumation age as 3.5 Ma (Fig. 6a, b). For the westerlies dominated 421 

catchments the spatial interrelationship between denudation rate with exhumation age and 422 

annual mean precipitation suggest inverse proportional relationship between them as for the 423 

increase in denudation rate the exhumation age and annual mean precipitation decreases 424 

whereas with the topographic variables such as elevation, relief and geophysical relief suggest 425 

direct linear proportional relationship such that with the increase in denudation rate elevation, 426 

relief and geophysical relief increases. For the summer monsoon dominated catchments the 427 

spatial interrelationship between denudation rate with exhumation age suggest inverse 428 

proportional relationship between them as for the increase in denudation rate the exhumation 429 

age decreases whereas with the annual mean precipitation and topographic variables such as 430 

elevation, relief and geophysical relief suggest direct linear proportional relationship such that 431 

with the increase in denudation rate annual mean precipitation and elevation, relief and 432 

geophysical relief increases.  433 

4.4 Landslides susceptibility in Western Himalayan catchments 434 

Since in the recent times increased understanding of the spatial distribution of landslides 435 

occurrence over mountainous terrain has resulted in enhance assessments of landslide 436 

susceptibility analysis (Guzzetti et al., 2006), but mechanism modulating bedrock landslides as 437 

a function of an erosional proxy (Broeckx et al., 2020) and landslide-regulating sediment 438 

variability over catchment scale remain less understood yet (Hovius et al., 2011; Croissant et 439 

al., 2017, 2019; Zhang et al., 2019; Broeckx et al., 2020). The probability assessment of the 440 

spatial distribution of landslides occurrences using numerical models are significant tools to 441 

understand the linkage among the variables controlling surface processes and their 442 

interconnection over spatio-temporal scales (Tucker and Hancock, 2010). Here we derived the 443 

spatial landslides probability density using landslides occurrence grid values from topographic 444 
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variables such as elevation, relief, slope and climatic variables such as annual mean 445 

precipitation. The obtained spatial probability density is the coupling spatial relationship of 446 

topographic variables and climatic variables. The obtained spatial landslides probability 447 

density is characterized into Quantile frequency distribution and integrated with Indian summer 448 

monsoon contour values which was obtained in mean occurrences of the trend analysis. The 449 

probability density of landslides occurrences suggest that the summer monsoon dominated 450 

catchments have higher probability distribution ranges (0.3-1) as compared to westerlies 451 

dominated catchments (Fig.7). Also ISM contour values 1000 mm/y and 2000 mm/y are 452 

correlating proportionally with highest frequency in the Ganga, kali and Yamuna river 453 

catchments whereas ISM contour intensity decreases and represent inverse proportional 454 

relationship along Chenab and Beas catchments whereas Sutlej catchment act as a orographic 455 

barrier differentiating the intensity of two seasonal distribution patterns on an annual scale. It 456 

was also concluded that the higher probability density is estimated into the spatial proximity 457 

of ~100-150 km  between MCT and MBT lithological interference within lesser Himalayan 458 

sequence on the transect edge of higher Himalayas.  459 

5. Discussion 460 

5.1 Trend Analysis of landslides occurrences 461 

The trend analysis of landslides occurrences over the western Himalayan river catchments 462 

suggest that the catchments which are influenced by Indian summer monsoon precipitation 463 

pattern such as Yamuna, Ganga and Kali catchments have higher frequency distribution of 464 

landslides occurrences as compared to westerlies dominated catchments due to their higher 465 

relief change, steeped slope gradient and maximum eroded rock column. For the topographic 466 

variables the mean trend of landslides occurrences lies in the range of 1000-2000 m for the 467 

elevation, ~800-1000 m for the relief and 20°-30° for the slope gradient. The upper extreme 468 

values are obtained in the Ganga and Sutlej catchments which have landslides occurrence at 469 

higher elevation ranges ~5000-6000m , relief  ranges ~ 2000-2500 m and slope gradient ranges 470 

50°-60°. For the precipitation context the mean trend of landslides occurrences lies in the range 471 

of 1500-2500 mm/y for the annual mean, ~500-1500 mm/y for the Indian summer monsoon 472 

period and 100-300 mm/y for the western disturbance period. The western disturbance trend 473 

over landslides occurrence clearly shows the decreasing trend of its intensity across west to 474 

east catchments whereas ISM suggest increasing trend of its intensity from west to east 475 

catchments. The observation suggested that the Higher Himalayan region serves as a critical 476 

orographic barrier, separating wet regions to the south from drier ones to the north. Although 477 
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the Sutlej catchment serves as a climatic transition zone that alters the strength of the Indian 478 

summer monsoon by blocking monsoonal conveyor flux, precipitation intensity decreases and 479 

precipitation maxima shifts to lower elevations. However due to orographic lift phenomena the 480 

precipitation pattern shows two fold distribution in these sequences and significantly increased 481 

and produce substantial erosional in the form of debris flows as a function of bedrock landslides  482 

in the higher Himalayas on sparsely vegetated, steep hillslopes and higher relief zones. The 483 

observed mean precipitation was not significantly higher along the low to medium elevations. 484 

This shift has a profound impact on the Himalayan foreland's overall sediment budget. 485 

Since active seismicity in the Higher-Tethyan Himalaya regions are observed over the clusters 486 

of earthquake events with the possible seismic triggering of large bedrock landslides along the 487 

downstream. In heavy monsoonal seasons, earthquakes play a limited role in tectonically 488 

modifying sediment quantities to bedrock rivers downstream. Although it has been suggested 489 

that there may be a delay between seismically-induced processes and sediment movement 490 

during heavy precipitation events, causing sediment transport to lower elevations to be 491 

substantially slowed. Since earthquakes are a significant factor for initiating bedrock landslides 492 

as a function of erosion in humid, medium-elevation regions, it may be assumed that 493 

earthquakes are a significant factor for initiating bedrock landslides as a function of erosion. 494 

(Bookhagen et al., 2005a). It was also proposed that the denudation rate is one of the most 495 

essential erosional hillslope processes in the Himalayan terrain's arid, high-elevation zones, 496 

which is strongly influenced by orographic lift during the monsoon season. 497 

5.2 Spatial interrelationship of tectonic and climate linkage in initiating bedrock 498 

landslides 499 

The Himalaya landscape is likely the one setting for improving our understanding of the spatial 500 

relationship between tectonics and climate-altering surface processes. Along the southern 501 

Himalayan mountain front, the interaction of topography and summer monsoonal flux controls 502 

precipitation gradient, stream outflow, and sediment movement (Bookhagen et al., 2004; 503 

2005b). The relief formation of the landscape is primarily controlled by the fluvial bedrock 504 

incision which also profound control on limiting denudation rate process (Whipple and Tucker, 505 

1999; Godard et al., 2004; Safran et al., 2005). The variation in fluvial incision rates is generally 506 

passively regulated by the hillslope growth process. Since there has been an increase in fluvial 507 

incision rates, nearby hillslopes have become steeper, which is countered by rapid bedrock 508 

landsliding. Apparently with the decrease in fluvial incision rates, or channel avulsion in 509 
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downstream segment will reduce the relief structure which further minimize the rates of 510 

bedrock landsliding on the adjoining hillslopes. In the NW Himalayan River catchments the 511 

spatially uniform hillslope angles are formed by the close geomorphic channel-gradient 512 

coupling and the limiting hillslopes are at threshold slope angle for failure process (Burbank et 513 

al., 1996; Harvey, 2002). Slope distribution of the studied catchments are remarkably uniform 514 

except Sutlej catchment despite strong gradients in uplift rates, precipitation intensity, erosional 515 

efficiency, and lithological settings. The occurrence of such optimal hillslopes suggests that 516 

local topographic relief is a function of drainage density, but not fluvial incision rates or rock 517 

uplift (Burbank, 2002).Therefore, in the non-glaciated landscape the fluvial incision as the rate-518 

limiting process would, control the sediment transport, considering complete geomorphic 519 

coupling between streams networks and slope gradient (Whipple and Tucker, 1999).  520 

Tectonic induced climatic factors, according to several recent research, control the rates and 521 

patterns of denudation over the Himalayan landscape (Hodges et al., 2001, 2004; Burbank et 522 

al., 2003; Scherler et al., 2014; Godard et al., 2014; Morell et al., 2015). In our analysis, we 523 

observe that the climatically characterized catchment wise variability of denudation rates 524 

shows linear functional relationship with topographic variables and precipitation intensity for 525 

the summer monsoon dominated catchment and there should be inverse functional relationship 526 

with the exhumation age. The variability in the denudation rate trend decreases inversely as 527 

precipitation or exhumation age increases, for the westerlies dominated catchments (Fig.6). As 528 

a result, we infer that variation in denudation rates, as well as the linear or inverse functional 529 

relationship between topographic variables, precipitation intensity, and exhumation age, can 530 

be explained by tectonic effect or lithological interference. Furthermore, we believe that a 531 

number of factors are responsible for the variation in denudation rates and the relationship 532 

between denudation rates and topographic or climatic variables at the catchment scale, which 533 

serves as a key parameter in understanding the landslides dynamics process in landscape 534 

evolution. 535 

We also calculate the spatial probability density using landslides occurrence grid values from 536 

the topographic variables and precipitation intensity within the studied catchment. The positive 537 

correlation of probability density is observe along summer monsoon dominated catchments 538 

such as Yamuna, Ganga and kali between landslides occurrence and ISM contour, which 539 

suggested that the spatial distribution of landslides occurrences are primarily control by 540 

summer monsoonal intensity along the southern Himalayan front (Fig.7) . Whereas studies in 541 
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westerlies dominated catchments suggested that transitional orographic and climatically 542 

regimes from Sutlej catchment correspond to relative high mean denudation rates and 543 

exhumation age, profound less control of ISM intensity over bedrock landslides initiation. We 544 

analyzed the seasonal variation of Himalayan precipitation, that reflect that the seasonal 545 

intensity of precipitation along strike that caused by the higher impact of moisture flux from 546 

the Western disturbance in the western Himalaya (Barros et al., 2006), resulting in higher 547 

intensity of winter precipitation in westerlies dominated catchment with respect to the 548 

monsoon-dominated catchments in the east. Higher seasonality of precipitation and extreme 549 

precipitation events may drive higher and more variability in the denudation rates trend, even 550 

when total annual mean precipitation is relatively low (Snyder et al., 2003).  551 

The observed relationship between denudation rates, slope gradient, and topographic variables 552 

is linear in the given tectonically active and climatically varying catchments, where denudation 553 

rates and exhumation age are inversely proportional to increased topographic steepness. Since 554 

the rising linear functional relationships in the Himalayan catchment show that bedrock 555 

landslides as a function of erosional proxy allows landscapes to become steep as a function of 556 

denudation rate. A change in the relative importance of topographic optimum values for slope 557 

failure might cause a shift in the linear relationship between topographic steepness and 558 

topographic or geophysical relief. (Burbank et al., 1996; Montgomery, 2001). As increase in 559 

denudation rates along the downstream segment, topography will adequate to continue the 560 

steepness process to a higher level and become susceptible to slope failure where optimum 561 

slope angles are reached earlier as denudation rates increase. We found that landslides occur 562 

more frequently when channel steepness increases in response to related slope gradient and 563 

denudation rates, implying a linear proportionate link between channel steepness index and 564 

denudation rates. The findings also imply that for places with the lowest precipitation rates, 565 

such as western disturbance dominated catchments, the mean denudation rates trend 566 

corresponds linearly with the mean exhumation age trend in order to provide surface runoff for 567 

catchment erosion efficiency. If precipitation intensity influences the erosional efficiency 568 

along a strike, the maximum denudation rates should be associated with high precipitation 569 

intensity, such as along the summer monsoon catchments. Although, it is considered that the 570 

mean annual precipitation may not be the primary driver to evaluate how precipitation intensity 571 

impacts denudation rates spatial variability. It has been suggested that the spatial variability of 572 

precipitation intensity over the seasonal distribution modulates erosion effectiveness in 573 

bedrock terrain (Lague et al., 2005).   574 
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6. Conclusion 575 

The present study concluded that the spatial distribution of bedrock landslides occurrence over 576 

the controlling attributes such as topographic and precipitation variables show the highest 577 

probability of frequent landslides occurrence lies in the zones with ~24-32° of Slope range, 578 

~800-1200 m of Relief range, in 1200-2400 m Elevation range, which coincides with the 579 

Precipitation erosivity range of ~1500-3000 mm/y in NW Himalayan River catchments.  We 580 

analyzed the variability of denudation rate interrelationship with topographic variables, 581 

precipitation intensity and exhumation age over the studied river catchments along the western 582 

Himalayan landscape emphasise the significance of topographic-climate coupling in 583 

controlling the variability of denudation rates. We observe a strong linkage among the 584 

denudation rates pattern and the variables controlling distribution of bedrock landslides, such 585 

as topographic matrices and precipitation intensity which show direct proportional relationship 586 

across the summer monsoon dominated catchments whereas precipitation intensity relatively 587 

shows inverse proportional relationship across westerlies dominated catchment. In general our 588 

study remark the significance of spatial interrelationship of tectonic and Climatic linkage in 589 

understanding the relationship of bedrock landslides over landscape evolution in a tectonically 590 

active and highly dynamic orogen such as the western Himalaya. Furthermore, bedrock 591 

landslides and annual mean precipitation regulate the relationship among denudation rates and 592 

topographic variables in a highly active and dynamic orogen. The degree of linearity 593 

proportional relationship between denudation rate and topographic metrics such as slope 594 

gradient, topographic relief, geophysical relief, Ksn increases as mean annual precipitation 595 

increase. The observe outcome of our study is a more linear feedback of topography and 596 

topographic steepness to change in the denudation rates in lesser Himalayan sequence, whereas 597 

it shows nonlinear response in Higher to Tethyan Himalayan sequence. Further studies on how 598 

these bedrock landslides occurrence influence variation in denudation rates and topographic 599 

change in different tectonic setups will substantially increase our understanding of how these 600 

prominent earth surface processes associate worldwide. 601 
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Figures: 970 

 971 

     Fig.1: (a) The topography of the NW Himalaya-Tibet system overlaid with the studied river 972 

catchments such as Chenab, Beas, Sutlej, Yamuna, Ganga, and Kali (b) Spatial distribution of 973 

bedrock landslides (taken from bhukosh portal of GSI http://bhukosh.gsi.gov.in/) across annual 974 

mean precipitation overlaid with the studied river catchments (c) Spatial distribution of 975 

bedrock landslides across the slope gradient overlaid with the studied river catchments and 976 

tectonic boundary. Please note. (MFT= Main frontal thrust, MBT= Main boundary Thrust, 977 

MCT= Main Central Thrust, STDS= Southern Tibet Detachment system, NAT= North Almora 978 

Thrust, SAT= South Almora Thrust). 979 

 980 

 981 

 982 
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 983 

Fig.2. The relative distribution of bedrock landslides occurrences across (a) elevation (b) 984 

relief (c) slope (d) annual mean precipitation; in the studied river catchments 985 

 986 
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 989 

Fig.3. Statistical trend analysis of landslides occurrence points (from west to east) over (a) 990 

elevation (m) (b) relief (m) (c) slope (degree) (d) annual mean precipitation (e) Indian 991 

summer monsoon (f) Western disturbances;  grids along studied river catchments, in NW 992 

Himalayas: 993 
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 1003 

Fig.4. Spatial distribution of bedrock landslides across (a) topographic relief overlaid with 1004 

Normalized steepness index (Ksn), earthquake distribution (taken from NASA-USGS open 1005 

source platform) and tectonic boundary (b) geophysical relief overlaid with Normalized 1006 

steepness index (Ksn), tectonic boundary and denudation rates (taken from previously 1007 

published literatures referred: SM1) of the studied river catchments:  1008 
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 1009 

Fig.5. Spatial interrelationship of denudation rates across; westerlies dominated catchments 1010 

with (a) exhumation age (b) annual mean precipitation (c) elevation & relief; Indian summer 1011 

monsoon dominated catchments with (d) exhumation age (e) annual mean precipitation (f) 1012 

elevation & relief: 1013 
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 1014 

Fig. 6. Trend analysis of (a) Denudation rates across westerlies dominated catchments and 1015 

Indian summer monsoon dominated catchments (b) Exhumation age across westerlies 1016 

dominated catchments and Indian summer monsoon dominated catchments: 1017 
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 1021 

Fig. 7. Spatial distribution landslides probability density overlaid with Indian summer 1022 

monsoon (ISM) contour intervals along with landslides points:  1023 
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Appendix: 1038 

 1039 

 A1.  (a) Hypsometric Curve and Hypsometric Integral of the studied river catchments: (b) 1040 

Mean slope frequency curve of the studied river catchments: 1041 
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     1044 

  A2:  Spatial classification of landslides occurrence points across (a) slope (b) relief (c) annual mean 1045 

precipitation 1046 

 1047 
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