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ABSTRACT 

 The entire Himalayan arc is recognized as a global hotspot for landslide and seismic 

events; which may be ascribed to the orogeny processes that had formed the Himalaya. Every 

year landslides and related natural disaster events claim many lives and destroy property, 

infrastructure, and the environment of the Himalaya. It is estimated that Himalayan landslides 

kill 1 person/100 sq. km per year and average losses due to Himalayan landslides is more than 

USD 1 million/year. Given the great relief, high seismicity, active tectonism, high volume of 

precipitation, and wide variety of rock and sediment types; landslides seem ubiquitous in the 

Himalaya and is perhaps the major present-day process shaping the landscape. With ingress of 

roads and other heavy constructions like dams and hydro power plants in this fragile mountain 

chain, the overall risk of landslide hazard increases manifold. This necessitates an accurate and 

updated landslide hazard zonation (LHZ) for the Himalayan belt, based on which future land-

use pattern can be envisaged. LHZ is a scientific practice of predicting the spatial distribution 

of landslides over a region which is determined as a function of landslide occurrence and 

various landslide related factors. Considering the high incidences of landslide disasters and 

their long term socio-economic impact, national guidelines are drafted to guide the activities 

envisaged for mitigating landslide risk through Landslide Hazard Zonation (LHZ) mapping.  

 The classical approach of LHZ mapping is based on examination of various static 

landslide causative factors with occasional inclusion of triggering factors like rainfall and 

earthquakes. As the positive correlation between seismicity and landslide occurrence had 

become more and more prominent, the classical approaches got changed; and a paradigm shift 

has been observed in LHZ studies of-late. More emphasis is now given on comprehending the 

occurrence and mechanism of seismically induced landslides due to the complexity and 

enormity of such events. There have been several earthquakes in the Himalayan region viz. 

Chamoli earthquake (Mw-6.8), Kashmir earthquake (Mw-7.6), Sikkim earthquake (Mw-6.9), 

Nepal earthquake (Mw-7.8), which caused widespread landslide events. In fact, in many cases, 

losses due to seismically induced landslides have been more than those caused directly due to 

shaking. Out of the all earthquake related casualties, which are not caused directly by ground 

shaking, approximately 70% may be attributed to landslides. In this context, LHZ studies 

considering earthquakes as main triggering factor is a time bound priority for the Himalayan 

region. However, a critical review of the existing literature reveals that there is a paucity of 

macro-scale, regional level studies quantifying the role of seismicity in LHZ mapping for the 

Himalayan arc in general, and the lower Himalayan belt in particular. An endeavour has been 



iv 
 

made in this research work to carry out LHZ mapping under both static and seismic conditions 

for a part of lower Indian Himalaya. The research work has been carried out in three phases: (a) 

in the first phase, the study area's present scenario of landslide susceptibility under static 

conditions is assessed using statistical method of LHZ mapping; (b) in the second phase, 

suitable method for carrying out seismically induced LHZ mapping is formulated; and (c) in the 

third phase, LHZ maps of the study area are prepared under different seismic conditions to 

quantify the role of seismicity in landslide occurrence and spatial distribution in the study area.  

 The study area encompasses approximately 12,350 sq. km.; with estimated population 

of more than 15 lakhs as per the 2011 India census. Several important and thickly populated 

cities of Uttarakhand and Himachal Pradesh are located in the study area. Geologically, the 

study area exhibits a complex and heterogeneous amalgamation of fifteen formations from 

different ages'. The study area falls in Zone IV as per IS 1893(Part I): 2016, indicating that the 

whole study area is seismically very active. The area caters three major thrusting systems of the 

Himalayan arc: Main Frontal Thrust (MFT), Main Boundary Thrust (MBT) and a portion of 

Main Central Thrust (MCT), along with numerous transverse lineaments. 

 In the first phase, eight static landslide causative parameters are identified for the study 

area. A comprehensive landslide inventory has been prepared, which is the primary step in 

LHZ mapping and data has been extracted from various sources. The prepared landslide 

inventory is used for proximity analyses to establish correlation between landslide activities 

and various causative parameter. Information Value method, one of the widely used statistical 

methods of LHZ mapping, has been applied to prepare the initial LHZ map of the study are 

under static causative parameters. The prepared LHZ map has identified almost 37% of the 

total study area as the zones of high to very high landslide susceptibility. 

 Different statistical methods, which are widely used for landslide susceptibility 

assessment, generally lack in incorporating seismic indicators. This may be attributed to the 

paucity of sufficient earthquake induced landslide inventories, which is attributed to the rarity 

of an extreme earthquake event. Moreover, the conventional studies correlating earthquake 

magnitude and landslide distribution, types and coverage area drew criticism from researchers 

due to limitations of the dataset used and the regional and characteristic biasness associated 

with earthquake events. Such scenarios become exaggerated for the Himalayan region, where 

not until recently, much attention have been paid to seismically induced landslide hazard 

zonation. Most of the LHZ studies carried out for the Himalayan belt considered static 

landslide causative factors only; and the few studies that did consider earthquake scenarios, are 

concentrated around the Chamoli earthquake, Sikkim earthquake and Nepal earthquake. All 
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these earthquakes, in-spite-of having originated in the Himalaya only, differ significantly from 

one another in terms of their characteristics. Thus, it is understood that any statistical method 

derived from earthquake induced landslide inventory developed for a particular earthquake 

event may not be adequate enough for a different tectonic set up. Alternatively, Map 

combination method of LHZ mapping has been used in this research work where, 

probabilistically generated peak ground acceleration (PGA) is considered as landslide 

triggering seismic factor. The biggest advantage of this method is that various landslide 

causative parameters (static as well as triggering) can be incorporated as thematic layers, which 

are assigned a weight depending upon their perceived control on landslide occurrence. The 

weights of various thematic layers are numerically integrated to generate the LHZ map. 

However, the subjectivity in weight assignment procedure is the main limitation in this method. 

To address this issue, a landslide susceptibility scale is developed for the study area 

statistically, which is used to assign the weights of various thematic classes. Information Value 

method, Frequency Ratio method and Fuzzy Cosine Amplitude Methods are correlated to 

develop the susceptibility scale, which is further used for multi-hazard integration. The LSZ 

map prepared using the developed scale, is compared with other LSZ maps prepared using 

statistical methods for performance evaluation of the developed susceptibility scale. The 

developed susceptibility scale has produced better results for the study area.   

 Use of probabilistic PGA values as landslide triggering factor in LHZ mapping has a 

distinct advantage: it eliminated the regional and characteristic biasness associated with an 

single earthquake, which increases the applicability of the method. The predicted PGAs are not 

from a single event, but rather represents the stress deformation expected in the region. 

Moreover application of PSHA in LHZ allows incorporation of seismotectonic environment (in 

terms of faults and lineaments) of a bigger area (R~300 km) which would likely to produce 

earthquakes in the study area, and recorded past seismicity. A detailed PSHA study has been 

carried out for the study area. The results of PSHA is discussed in terms of expected PGA for 

five scenario earthquakes with return periods of 10, 50, 100, 225 and 475 years. Consideration 

of the entire range of earthquake sizes quantifies the impact and implications of seismicity in 

landslide hazard comprehensively.  

 Assignment of weights to different earthquake scenarios is a difficult task in LHZ 

mapping. There is no statistical correlation available to quantify the size of a scenario 

earthquake with landslide spatial distribution. Therefore a new method has been implemented 

in this research work to assign the weights objectively. The method, which is based on the 

normalized PGA values of different scenario earthquakes, could portray the relative importance 
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of different earthquake size on LHZ mapping effectively. Five LHZ maps of the study area are 

prepared under seismic conditions to understand the role and impact of seismicity in landslide 

occurrence and their spatial distribution in the lower Himalaya. It is observed that for an 

earthquake scenario with 475 years return period, almost 51% of the total area falls under very 

high landslide hazard. This is a significant outcome of the study, which highlights the 

consideration of seismicity in LHZ mapping for the Himalayan arc. The results of the research 

work shows that in case of moderate to great earthquakes, there is paradigm shift of hazard 

zones from very low towards very high.  

 Based on the results, the present study concludes that inclusion of earthquake scenarios 

will enhance the understanding of landslide hazard with a more pragmatic vision, especially for 

seismically active mountainous belts like the Himalaya. The LHZ maps prepared for the 

scenario earthquakes with 225 years and 475 years return period will be of practical use for 

implementing frame works for risk mitigation and disaster response.  
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Chapter 1 

INTRODUCTION 

1.1 Preamble 

 Landslides are one of the most catastrophic natural disasters. The term landslide is used 

to describe a wide variety of processes that result in the downward and outward movement of 

slope forming materials composed of rocks, soils, artificial fills, or a combination of these. The 

materials may move by falling, sliding, toppling, spreading or flowing (USGS, 1981). About 

15% of the total landmass of India is susceptible to landslides and other flow related 

phenomena, exceeding 0.49 million sq. km. (NDMA, 2009). A quick examination of the 

landslides data from 1950 to 2013 will reveal that these regions have witnessed some of the 

worst landslides in history. For example some devastating landslides during this period had 

occurred in Guwahati (18th September, 1948), Darjeeling (3-5th October, 1968), Chamoli (28th 

March, 1999 after Chamoli Earthquake), Amboori (9th November, 2009), and Kedernath (16-

17th June, 2013) (IMD, GSI, India Today). As the population of India continues to expand at a 

geometrical rate, unplanned urbanization and settlement of life-lines have alarmingly spread 

into mountainous areas, with inadequate or little consideration for the prevailing natural 

hazards. This has lead to a high exposure level along with higher degree of susceptibility, 

which in turn increases the overall risk of landslide hazard in India. It is observed that the 

menaces of landslide hazard are much greater than commonly recognized in many countries, 

and generate a yearly loss of property larger than that from any other natural disaster, including 

earthquakes, floods and windstorms (Schuster and Fleming, 1986; Alexander, 1989; Guzzetti et 

al., 1999). Recognizing the enormous risk associated with the landslide hazard, national 

guidelines on landslide hazard are drafted (BIS 1998, GSI 2005, NDMA 2009) to direct the 

activities envisaged for mitigating the risk emanating from landslides at all levels. The main 

objectives of these guidelines are to institutionalize the landslide hazard mitigation efforts, to 

make the society aware of the various aspects of landslide hazard and to prepare the society to 

take suitable action to reduce both risks and costs associated with landslide hazard. Landslides 

are powerful, sudden and devastating natural calamities, mitigation of which requires intrinsic 

plan of action involving civic authorities, academics, geoscientists and practicing engineers. 

1.2 Definition and Causes of Landslides 

 The complex mechanism and the broad spectrum of landslide hazard make it very 

difficult to accept a single definition of the event with universal applicability. In general, any 

downward movement of earth’s masses (eg. soil, rock, debris etc.) can be incorporated in the
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definition of landslides. However there exists wide variations of landslide events in terms of 

rate, direction and types under different environmental conditions; and therefore it has not yet 

been possible to reach a consensus regarding a singular definition of landslides. The most 

widely accepted definition was proposed by Chorley et al. (1985), which defines the event as 

“the detachment and down-slope transport of soil and rock materials under the influence of 

gravity. The sliding or flowing of these materials is due to their position and gravitational 

forces, but mass movement is accelerated by the presence of water, ice and/or air. This 

definition of mass movement permits consideration of the movement of earth materials at all 

scales and at all rates”. The definition implies that gravity is the sole important force and no 

transporting medium such as wind, flowing water, ice or molten lava is involved. Although 

flowing water is excluded from the process by definition, water nevertheless plays a very 

important role in the whole phenomena by over-steepening slopes through surface erosion at 

their bases and by generating seepage forces through groundwater flow (Bloom, 1978). The 

term landslide incorporates both the failed mass of a landslide deposit and historically active 

unstable slopes (Bosi, 1978; Cruden, 1991). 

1.2.1 Landslide Causative Parameters 

 As suggested by Aleotti and Chowdhury (1999), demarcation of landslide susceptible 

areas is possible through identification and analysis of factors that had caused slope instability 

in the past. The landslide causative factors may broadly be classified into two classes (Crozier, 

1986; Siddle et al., 1991; Dikau et al., 1996; Naithani, 1999; Kanungo et al., 2009): the internal 

or preparatory factors and the external or triggering factors.  The internal factors generally 

constitute the most favourable set of conditions under which mass movement would occur, as 

well as when triggered by an external causative factor like an earthquake or incessant rainfall. 

The internal causative factors that incorporate the inherent geomorphological attributes, often 

exhibit temporal variation in their geometry and material properties (Kanungo et al., 2009). It is 

understood that slope failure ultimately implies to a prevailing set of ground conditions at that 

specified duration rather than the singular effect of one or more individual parameters. 

 Although, the landslide causative factors may exhibit spatial and temporal variations on 

regional basis, there are a definite set of parameters which are widely accepted by various 

researchers (Dikau et al., 1996; Naithani, 1999; Kanungo et al., 2009). The two major 

categories of landslide causative factors are given in Table 1.1 below: 
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Table 1.1: Landslide Causative factors 

(I) Internal or Preparatory: Lithology of the slope 

Morphology of the slope  

Relative relief of the slope 

Distance from Thrusts, faults and lineaments 

Drainage density of the basin 

Road density (Anthropogenic factor) 

Land Use Land Cover Pattern (Anthropogenic factor) 

(II) External or Triggering: Weather (Extreme hydrological conditions, snowfall etc.) 

 Earthquakes 

 Undercutting by river 

 It is to be noted here that the process of landslide occurrence and its spatial distribution 

over an area depends on various landslide causative factors and both these natural as well as 

anthropogenic factors diverge from region to region. 

1.3 Current Scenario of Landslide Hazard in the Himalaya 

 Every year, especially during the summer monsoon period, landslides and related 

natural disaster events claim many lives and destroy property, infrastructure, and the 

environment of the Himalaya. The economic loss in landslide damage alone in this region is 

estimated at USD 1 billion per year. Li (1990) estimated that the loss of life due to landslides 

and related earth flow phenomena in the Himalayan region constitutes about 30% of the world's 

total landslide-related damage value. The Durham Landslide Fatality Database suggests that 

over 1,000 people were killed in landslide events in the Himalayas in 2007 alone, which 

represents almost 35% of the global total. Furthermore, Dunning et al. (2007) estimated that 

over 20,000 people were killed by landslides during the 2005 Kashmir Earthquake in Pakistan 

and India. The rugged topography, the complex geological structures, the fragile soil cover, the 

high intensity monsoon rainfall, the large temperature variations, and the occurrence of very 

large magnitude earthquake events, can be attributed to the frequent landsliding in the 

Himalayas (Shroder Jr., 1998). The main reasons of mass movement in the Himalayan belt may 

be grouped into four major categories (these categories are in fine concurrence with table 1.1): 

- Geological  

- Morphological 

- Physical 

- Anthropogenic 
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 The Himalaya is the youngest and the highest mountain range on Earth, which extends 

over a length of about 2400 km. The whole mountain chain is very fragile and seismically 

hyper-active. Because of this, the transitory earth stresses are very high on the slopes of 

Himalayan Mountains. There exists a wide range of material contrast in the whole region. 

Along with this, the uneven spatial distribution of sheared materials, jointed and fissured 

materials, adversely oriented discontinuities and permeability contrasts make the Himalayas 

very susceptible to landslide hazard. 

 Thus, it is very important to recognize the risk of landslide hazard in the Himalaya and 

to reduce the impact of future landslide disasters. One of the key approach for this purpose is to 

identify areas with high potential of landslide occurrence and to follow a rational land use 

pattern. In this context, Landslide Hazard Zonation (LHZ) mapping of the Himalayan belt 

becomes an absolute necessity, considering the socio economic impact of landslide related 

disasters here. LHZ mapping is a scientific practice of predicting the spatial distribution of 

landslides over a region which is determined as a function of landslide occurrence and various 

landslide related factors (Varnes, 1984; Kanungo, 2009). The objective is to identify the places 

which are vulnerable to landslide hazard and ranked them according to their degree of 

susceptibility. The following section provides with a brief review of the present state of 

research on LHZ mapping for the Himalayan belt. 

1.4 Landslide Hazard Zonation (LHZ) Mapping in the Himalaya: A Brief Review  

 The landslide susceptibility mapping in the Himalayan region gained momentum since 

the early part of the '90s decade, where most of the mapping was carried out as desktop based 

studies (Pachauri and Pant, 1992; Anbalagan, 1992; Anbalagan and Singh; 1996).  The GIS and 

advanced remote sensing techniques then became popular from early 2000s (Gupta et al., 1999; 

Saha et al., 2002; Sarkar et al., 2004; Kanungo et al., 2006; Pareek, 2008 etc.). The last few 

years have seen a surge in research correlating the high seismicity and landslide occurrence in 

this region mainly through the studies from Pareek and Sharma (2010); Pareek et al. (2013); 

Bhattacharyya and Sharma (2012) and Nath and Sharma (2018). The following section 

summarizes the significant contribution of some of the prominent researchers in LSZ mapping 

for Garhwal Himalaya since 1990. 

 Pachauri and Pant (1992) proposed LHZ map using quantitative analysis of existing 

landslides with geological, geotechnical and topographical attributes for Aglar river catchment 

area and observed significant correlation between landslide activity and the distance from the 

fault. Anbalagan (1992) proposed the Landslide Hazard Evaluation Factor (LHEF) rating 

scheme in which weights were calculated based on empirical approach derived from both past 
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experience of landslide causative factor and their impact on landslide occurrence. A LSZ map 

was produced for Kathgodam area using LHEF rating scheme. Sarkar et al. (1994) carried out 

LHZ for Srinagar-Rudraprayag area where slope-angle, lithology, distance from major 

geological discontinuities, land cover, drainage and relative relief were considered as instability 

factor. Pachauri et al. (1998) used geological and geomorphological attributes for LSZ mapping 

and observed correlation between landslide distribution and rupture zones of some seismic 

activities of Kangra earthquake (1905). Gupta et al. (1999) successfully used an integrated 

remote sensing and GIS based approach for LHZ mapping in a part of Bhagirathi river valley. 

Pachauri (2001) generated a LHZ map for Chamoli region which showed that maximum 

landslide density occurred at the highest earthquake (Chamoli Earthquake, 1999) intensity 

zone. The study proves that earthquakes are one of the major causative factors for mass 

movement in this region. Arora et al. (2004) carried out LHZ for a part of Bhagirathi river 

valley using A.N.N. approach in which geological and anthropogenic factors were considered 

as neurons for A.N.N. Saha et al. (2005) proposed a Modified Nominal Landslide Hazard 

Factor (mNLHF) for LSZ mapping (bi-variate statistical based method) in Bhagirathi river 

valley area where the computed weight values were used directly to generate landslide hazard 

index map. Kanungo et al. (2006) developed a combined neural network and fuzzy approach to 

generate LSZ maps. Ray et al. (2007) used Fuzzy set based approach to prepare LSZ map for a 

part of Garhwal Himalaya, and concluded that seismic activities in the Garhwal Himalayan 

region influence the slope stability conditions which results in form of surface rupture and 

fractures that produce co-seismic landslides. Kanungo et al. (2009) reviewed the available 

methods of LSZ mapping and observed that a combination of two distribution-free approaches 

could effectively reduce the subjectivity of weight assignment process. Pareek et al. (2010) 

studied the impact of seismic factors on landslide susceptibility zonation for a part of Indian 

Himalayas. Bhattacharya et al. (2011) demonstrated that SBAS InSAR technique not only 

monitor the surface movement in the form of landslide but also it can be considered as an 

effective tool to recognize new landslides in complex steep mountain region. Sarkar et al. 

(2012) carried out rock mass classification and slope stability assessment of road cut slopes in 

Garhwal Himalaya. Das et al. (2012) presented Bayesian logistic regression (BLR) for 

landslide susceptibility assessment along road corridors. The methodology is tested in a 

landslide-prone area in the Bhagirathi river valley. Pareek et al. (2013) studied the effect of 

seismic displacements on landslide susceptibility zonation (LSZ) in Garhwal Himalayan region 

using GIS and remote sensing techniques. Pareek et al. (2014) used California’s Division of 

Mines and Geology (DMG) procedure for estimating the slope failure mechanism under 

seismic conditions. Developed a displacement tool based on the DMG procedure in GIS 
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environment. Pain et al. (2014) Carried out finite element stability analysis for three rock slopes 

in Garhwal Himalayas using two dimensional plane strain element and concluded that 

numerical modelling of rock slides is a versatile approach to understand the failure mechanism 

and the dynamics of rock slopes. Anbalagan et al. (2016) did a comprehensive study for the 

identification of landslide susceptibility zones using landslide frequency ratio and fuzzy logic 

in GIS environment. Gupta et al. (2016) documented the spatial distribution of landslides and 

its consequences in the lower reaches of the Bhagirathi Valley between Bhatwari and 

Uttarkashi due to the June 15-17th flooding event in Bhagirathi River. Gupta et al. (2017) 

carried out finite element stability analysis for failed slope of the Surabhi Resort landslide 

located in the Mussoorie Township, Garhwal Himalaya using shear strength reduction 

technique. Bandooni et al. (2018) used geo-informatics technologies and numerical models to 

analyse the environmental vulnerability of the mid-Garhwal Himalayan region and observed 

that the anthropogenic activities and natural disasters had been the primary causes of such 

fragile geo-environment. 

1.5 Research Motivation and Problem Statement 

 A critical review of the existing literature would point out that the majority of the LHZ 

studies carried out for the Himalayan regions consider internal or preparatory landslide 

causative parameters only. Most of the past studies did not incorporate earthquakes in LHZ 

mapping for the Himalaya, despite recognizing a strong correlation between Himalayan 

seismicity and the landslide activities. The few studies that had focused on seismically induced 

LHZ mapping were concentrated around Chamoli earthquake (1999); Sikkim earthquake 

(2011) and Nepal earthquake (2015) only. Moreover, there has been a paucity of macro-scale, 

regional level LHZ mapping for the Himalaya as a whole, and particularly for the lower 

Himalayan belt, where rapid population growth and urbanization have been observed in the 

preceding three decades.  

 It is imperative to discuss here the relevance of studying seismically induced LHZ 

mapping for the Himalaya. There have been several earthquakes in the Himalayan region 

(Pareek et al, 2012; Prakash, 2013; Collins and Jibson, 2015) viz. Chamoli earthquake (29 

March 1999, Mw-6.8), Kashmir earthquake (8 October 2005, Mw-7.6), Sikkim earthquake (18 

September 2011, Mw-6.9), Nepal earthquake (25 April 2015, Mw-7.8) and so forth; which 

caused widespread and damaging landslides. In fact, in many cases, losses due to seismically 

induced landslides have been more than those caused directly due to shaking (Bird and 

Bommer, 2004). Marano et al. (2010) reported that out of the all earthquake related casualties, 

which are not caused directly by ground shaking, approximately 70% may be attributed to 
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landslides. Tanyas et al. (2017) observed that from 2004 to 2010, a total of 47,736 earthquake-

induced landslide casualties were reported by many researchers (Kennedy et al., 2015; Petley, 

2012). Moreover, impacts of seismically induced landslides are of long term nature, which 

manifest their damage intensity in terms of indirect socio-economic losses (Marui and Nadim, 

2009; Tang et al., 2016; Korup, 2006). Recognizing the enormous risk associated with 

earthquake induced landslides, the National Guidelines on Landslides and Snow Avalanches 

(NDMA, 2009) has accentuated on incorporating multi-hazard integration, especially 

coalescing seismic and landslide hazards. Such multi-hazard studies will assume paramount 

significance for seismically active belts like the Himalaya. An accurate LHZ mapping of the 

Himalayan region, considering earthquake scenarios as a main triggering factor would be of 

immense practical use for decision based future land-use planning. 

1.5.1 Problem Statement 

 In this context, an endeavour has been made in this research work "to quantify seismic 

factor using probabilistic seismic hazard assessment and its implication in LHZ mapping for a 

part of lower Himalayan belt." The primary scope of the research work incorporates 

comprehending the role and implication of the seismotectonic environment of the Himalaya in 

spatial distribution of landslides in a holistic way. Probabilistic seismic hazard assessment is 

used to generate earthquake scenarios for different return periods, so as to include the effect of 

an entire range of earthquake sizes objectively. Finally a part of the lower Himalayan belt  is 

chosen as the study area to bridge the identified research gaps.  

1.6 Aim, Objectives and Scope of the Study 

 The main aim of this research work is to prepare LHZ maps of the study area under 

both static and seismic conditions to quantify the impact of earthquakes in landslide hazard.  

The main objectives of the study include: 

 Preparation of a comprehensive landslide inventory to be used for landslide zonation 

mapping. 

 Quantification of role of seismicity in terms of fault distance and spatial distribution of 

landslides in the study area. 

 Preparation of LHZ maps for the study area under static conditions using different 

available techniques to ascertain the best suited LHZ map for the area, and integration 

of triggering factor (i.e. seismicity) with the same. 

 Generation of different strong ground motion scenarios using Probabilistic Seismic 

Hazard Assessment (PSHA) technique to be used as triggering factor(s) for LHZ 

mapping. 
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 Quantification of effect of seismicity in terms of scenario earthquakes in Landslide 

Hazard Zonation (LHZ) mapping for the study area. 

 The research work is carried out in three phases. In the first phase, different available 

LHZ mapping techniques have been explored to ascertain the best suited method for the study 

area. In this phase only preparatory landslide causative parameters are considered. The second 

phase focuses on generation of seismic factors using probabilistic seismic hazard assessment. 

Finally, studies of both first and second phases are collated and LHZ maps under seismic 

conditions are prepared in the third phase. It is to be noted here that rainfall, although 

recognized as a main triggering factor of landslides in the Himalaya, has not been considered in 

the present study. There are two reasons for that: (i) it is assumed that two extreme landslide 

triggering factors will not act simultaneously and (ii) it is very difficult to generate the relevant 

dataset for huge study area considered. The research work has exclusively focused on 

understanding the effect of seismicity in LHZ mapping and therefore rainfall has been 

excluded. 

1.7 Thesis Outline 

 The thesis comprises of eight chapters. In chapter 1, the relevance of carrying out 

seismically induced LHZ mapping in the Himalaya, a brief review of the current research work 

in LHZ studies for the Himalayan and research motivation are discussed. The research problem 

investigated, and the aim, scope and objectives of the research works are stated in this chapter. 

 Chapter 2 includes a review of the available literature on LHZ mapping. It incorporates 

detailed discussions on the basic assumptions of LHZ mapping, various methodology of LHZ 

mapping, role of seismicity in landslide occurrence and use of probabilistic seismic hazard 

assessment in LHZ mapping. 

 In chapter 3, preparation of a relevant dataset to carry out LHZ mapping is discussed. 

This chapter incorporates discussions on the study area, various landslide causative parameters, 

applicability of Geographical Information System (GIS) in LHZ studies, and data used for 

preparation of thematic maps.   

 Chapter 4 presents LHZ mapping of the study area under static landslide causative 

parameters. In this chapter, a statistical approach of LSZ mapping is included. Also 

incorporates a comprehensive assessment of the LSZ map in terms of effects of Tectonic 

features on landslide distribution for the lower Himalayan belt. 
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 Chapter 5 discusses the challenges of LHZ mapping under seismic conditions, 

development of a LHZ scale for multi hazard integration and performance evaluation of 

different LHZ mapping techniques. 

 A detailed Seismic Hazard Assessment of the study area within Probabilistic framework 

is put forth in Chapter 6. This chapter includes discussions on the methodology of PSHA, 

compilation and treatment of earthquake catalogue, seismotectonic modeling, and estimation of 

seismic hazard parameter for the study area. A brief review of the present state of research on 

seismic hazard assessment in India has also been included in this chapter. 

 In chapter 7, LHZ mapping under seismic conditions is described. Detailed discussions 

on inclusion and implications of probabilistic peak ground acceleration (PGA) parameter in 

LHZ mapping, and impact of various scenario earthquakes in spatial distribution of hazard 

zones are incorporated in this chapter. Chapter 7 presents the results of the analyses to quantify 

the role and effect of seismicity in LHZ mapping. 

 Finally, chapter 8 discusses the main conclusions of the research work. The primary 

outputs of the study and scope for future works are included in chapter 8. 
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Chapter 2 

LITERATURE REVIEW 

2.1 Preamble 

 A natural hazard may be defined either as the probability of sudden change in a 

reasonably stable condition to an unstable one (Scheidegger, 1994) or as the probability of 

occurrence of a potentially damaging phenomenon within a given area in a given time (Varnes 

et. al, 1984). The latter remains the most widely accepted definition as it incorporates the 

concepts of magnitude, geographical location and time recurrence. The first refers to the 

dimension or intensity of the natural phenomenon which in turn depicts its behaviour and 

destructive power; the second identifies the place where the phenomena will occur and the third 

signifies the temporal frequency of the event. For example earthquakes predictive models 

traditionally attempt to define the hazard in terms of energy released (magnitude), location 

(epicenter) and time recurrence (return period). Similarly flood hazard evaluation essentially 

consists of prediction of the temporal variation of an extreme hydrological event of a given 

magnitude (peak flow/ volume) and its location and spatial extent (extrapolated from past 

records and ground morphology). However, there exists both conceptual and operational 

confusion in using those terms strictly to define landslide hazard. The term landslide 

incorporates both the movement of the slope material or of an existing landslide mass and the 

landslide deposit (the failed mass). The regional predictive models which generally attempt to 

identify the location of a potential mass movement, are based on a set of relevant 

environmental characteristics and assume that a slope will be more likely to fail in the future 

under the same conditions which had led to past and present failures (Varnes et. al, 1984). They 

provide information on potentially unstable slopes. These models are generally limited to a 

single slope. On the other hand landslide inventories (maps of landslide deposit) give 

information on spatial extent of the deposition of failed mass which formed within generally 

unknown (or unspecified) period of time. But they do not incorporate time and magnitude, 

speed, kinetic energy or momentum of the failed mass. The limitations of both models can be 

easily understood as none can singularly define the spatial distribution and temporal variation 

of the event. Thus, there is no consensus in accepting a singular definition of landslide hazard. 

Also, there is ambiguity in use of the terms "Landslide Hazard Zonation" and "Landslide 

Susceptibility Zonation"; albeit the final goal of both the practice remains almost the same. 

Landslide Susceptibility Zonation (LSZ) involves the spatial distribution and rating of the 

terrain units according to their propensity to produce landslides (Fell et al., 2008).  
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Here various internal/preparatory landslide causative parameters are examined. On the other 

hand, when the temporal variation of an even is considered, the term "Landslide Hazard 

Zonation" (LHZ) should be used. Thus, LHZ mapping indicates consideration of one or more 

landslide triggering factors in the study.  

 As the present research work incorporates examination of landslide hazard under both 

preparatory and triggering factors, it is imperative to understand the advantages and limitations 

of different methods of LSZ mapping.  This chapter focuses on that. Also, a brief discussion on 

the basic assumptions of LSZ mapping, role of seismicity in landslide occurrence and use of 

probabilistic seismic hazard assessment in LHZ mapping are included in this chapter. 

2.2 Basic Assumptions of Landslide Susceptibility Zonation 

 It is very difficult to reach a consensus either on the method or on the scope of 

producing LSZ maps (Brabb, 1984; Carrara, 1989; Nieto, 1989; Guzzetti, 1999). There exists a 

variety of methods for LSZ mapping and each method has its own advantages as well as 

limitations. Yet, even with of the lack of consensus, all these methods are based on some basic 

assumptions which are widely accepted (Varnes et al., 1984; Carrara et al., 1991; Hutchinson 

and Chandler, 1991; Anbalagan, 1992; Hutchinson, 1995; Turner and Schuster, 1995; Guzzetti 

et al., 1999; Kanungo et al., 2009). 

The basic assumptions of LSZ mapping are as follows: 

i. There exists distinct adjustments in the morphological features of a slope post failure, 

most of which could be identified, categorized and mapped both in the field and through 

remote sensing techniques (Rib and Liang, 1978; Varnes, 1978; Hutchinson, 1988; 

Dikau et al., 1996). This implies that post failure morphological features of a slope are 

discernible, which often form the skeleton of any LSZ mapping as inventories.  

ii. The set of conditions that had rendered slope failures in the past, would more likely to 

cause instability in the future as well (Varnes et al., 1984; Carrara et al., 1991; 

Hutchinson, 1995). In other words, to predict the future occurrence, the past and present 

landslides in an area are the key. The assumption which follows the principle of 

uniformitarianism, implies that the landslides are resulted from actions of continuous 

and uniform processes.  

iii. Predictive models of landslide occurrence could be established by identifying and 

mapping the inherent causative factors that control the initiation as well as propagation 

of mass movement (Dietrich et al., 1995). The assumption justifies the application of 
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predictive models used for LSZ mapping and formulates the mathematical framework 

within which the various landslide causative factors would correlate.  

 Ideally, any method of LSZ mapping should accommodate all these assumptions 

together, failure to which the applicability of the method would be severely challenged 

irrespective of its scope or the goal of the investigation. Yet, a number of factors act as 

hindrance to the satisfactory application of all these principles. As suggested by Aleotti and 

Choudhury (1999), the spatial discontinuity of landslide distribution, paucity of historical data 

and subjectivity of the whole process are some of the major concerns in any LSZ mapping 

practice. 

2.3 Methods of Landslide Susceptibility Zonation  

 LSZ mapping approaches can be either qualitative or quantitative and direct or indirect. 

Kanungo et al. in 2009 proposed a comprehensive taxonomy of LSZ mapping, where two main 

classes have been identified with various subclasses allotted to each class. Table 2.1 illustrates 

the classification scheme. 

Table 2.1: Taxonomy of LSZ methods (Kanungo, 2009) 

Category I- Qualitative Approach 

1. Distribution Analysis 

2. Geomorphic Analysis 

3. Map Combination Method 

Category II- Quantitative Approach 

1. Statistical Analysis 

a) Bi-variate Analysis 

b) Multi-variate Analysis 

2. Probabilistic Approach 

3. Distribution-free Approach 

a) Fuzzy set based analysis 

b) A.N.N. based analysis 
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2.3.1 Qualitative Approach 

 This approach depends on the individual perception about the impact of different 

causative parameters which are responsible for landslide occurrence. The inputs are generally 

derived by field surveys, aerial photographs and integration of remote sensing data. This 

approach for landslide susceptibility zonation includes distribution analysis, geomorphic 

analysis and map combination method.  

A. Distribution Analysis 

This method is also referred to as landslide inventory and is a relatively simpler one. Here, 

spatial distribution of landslides over an area is presented using remote sensing techniques like 

satellite imagery or aerial photographs, field surveys and/or available historical data (Wright 

and Nilsen, 1974; Canuti et al. 1979; Wieczorek, 1984; Espizua and Bengochea 2002).  The 

catalogue is represented in a map either as a polygon or as a point event or may be used to 

develop a landslide density map for the area. The method, though fails to establish a correlation 

between landslide occurrence and the causative factors, is a quantitative representation of 

landslide distribution which often forms the backbone of other methods of hazard analysis. The 

main disadvantages of the approach are its incapability to portray the degree of susceptibility 

for future landslides and it does not provide information on temporal variations of the landslide 

distribution.  

B. Geomorphic Analysis 

In this method, LSZ maps are directly derived from in-situ geomorphological studies. The 

method is direct and qualitative, where LSZ is carried out in the field itself by the investigators 

(Meneroud and Calvino, 1976; Humbert, 1977; Landry; 1979; Hearn, 1995). Professional 

experience and first-hand knowledge about the terrain and different causative factors are a pre-

requisite. French ZERMOS maps (Humbert, 1977) are one of the most comprehensive maps 

produced using geomorphic analysis. However, the main limitations of the method are that it 

cannot be updated with time and are indeed subjective. 

C. Map Combination Method 

This is one of the more widely used methods for LSZ mapping due to its relative simplicity and 

accuracy. Soeters and van Westen (1996) had proposed the following steps involved in this 

methods: 

 Selection and mapping of the causative factors 

 Thematic data layer preparation with relevant categories of the factors 
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 Assignment of weights and ratings to factors and their categories respectively 

 Integration of thematic data layers 

 Preparation of LSZ map showing different zones 

The wide range of applications of the GIS platform has made is possible to prepare and 

integrate different thematic data layers for various landslide causative factors (Gupta and Joshi, 

1990; McKean et al., 1991; Champati Ray, 2005; Sarkar and Kanungo, 2004; Pareek et al., 

2012 etc.). However, the process of assignment of ranks and weights to different instability 

factors and their subsequent sub-classes still involves a lot of subjectivity. Moreover, it is very 

difficult to avoid the region-specific biasness associated with the LSZ maps produced using this 

method (Kanungo, 2009).   

2.3.2 Quantitative Approach 

 In quantitative approach, the relative importance of various landslide causative factors 

are ascertained objectively to reduce subjectivity. There are different methods available in the 

literature which is summarized as follows 

A. Statistical Analysis 

This method evaluates the practical relationships between different causative factors and the 

past and present landslide distribution over a region.  Some of the widely used methods are 

discriminant analysis, linear and logistic regression etc. (Carrara, 1983; Carrara et al., 1991; 

Carrara et al., 1995; Roth, 1983; Yin and Yan, 1988; Neeley and Rice, 1990; Mark, 1992; van 

Westen, 1993, 1994).  This may be either bi-variate or multi-variate. 

Bi-variate Analysis 

Here, thematic layers are prepared for each landslide causative factor which is then 

superimposed on the landslide distribution layer to calculate the landslide density. Based on 

that, weight is assigned to individual factor.  Some of the methods are frequency analysis 

approach (Pachauri and Pant, 1992, Sarkar et al., 1995; Mehrotra et al., 1996); information 

value (InfoVal) approach (Yin and Yan, 1988; Jade and Sarkar, 1993; van Westen, 1997; Lin 

and Tung, 2003; Saha et al., 2005) and landslide nominal risk factor (LNRF) approach (Gupta 

and Joshi, 1990). The bi-variate analysis, although considered quantitative, still incorporates a 

certain degree of susceptibility.  

Multi-variate Analysis 

In multi-variate analysis (Aleotti and Choudhury, 1999), first the percentage of landslide 

affected areas in each grid cell is calculated and they are classified into stable/unstable zones. 
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Then an absence/presence matrix of a given category of a given thematic layer is prepared, for 

which multivariate analysis is carried out. Finally, reclassification of the area based on the 

results and their classification into susceptibility zones are done. The method itself is 

cumbersome and complex, and often external statistical tools has to be used along with GIS. 

The most commonly used analyses are discriminant analysis and regression analysis (Yin and 

Yan, 1988; Jade and Sarkar, 1993; Wieczorek et al., 1996; Atkinson and Massari, 1998; Chung 

and Fabbri, 1999; Clerici et al., 2002). 

The main disadvantages of statistical method (Kanungo et al., 2009) are its requirement of large 

dataset for desired precision level, and amalgamation of continuous and categorical thematic 

data layers. Sometimes, it may produce weak physical relationship between some factors and 

landslide distribution, which will reduce the credibility of the LSZ map generated. 

B. Probabilistic Approach 

In this method, the relationships of different causative factors with spatial distribution of 

landslide occurrence in an area is evaluated within a probabilistic framework. This reduces the 

subjectivity in the weight assignment process. Some of the widely used methods are conditional 

probability model, weight of evidence method (Bayesian model), certainty factor method 

(favourability mapping model) etc. The conditional probability model proposed by Chung and 

Fabri (1999) compares five different procedures viz. direct estimation, regression model, 

modified regression model, Bayesian estimation under conditional independence, and  modified 

Bayesian model to estimate the conditional probability of landslide susceptibility. They had 

observed that multivariate regression analysis was better suited than the other probability 

models. Bayesian probability model (weight of evidence method) was adopted by Lee et al 

(2002) to calculate the Landslide Susceptibility Index (LSI) based on which different zones of 

landslide susceptibility were assigned. van Westen et al. (2003) also used the weight of 

evidence method to derive the ranks of all thematic data layers statistically. Lee and Min (2001) 

adopted probabilistic prediction model based on likelihood ratio to prepare a LSZ map.  The 

main advantage of this method is that both continuous and categorical thematic data can be 

transformed into continuous thematic data and hence would provide with a more quantitative 

adaptation.  

C. Distribution-Free Approach 

Distribution-free approaches viz. Fuzzy logic and A.N.N. tend to diminish the drawback of 

statistical methods associated with data quality (mostly size and reliability of the input dataset). 

Gorsevski et al. (2003) had combined together GIS, Fuzzy k-mean and Bayesian modelling 
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approach to generate a LSZ map. Ercanoglu and Gokceoglu (2004) developed a model based 

on fuzzy relation concept for preparation of LSZ map. Arora et al. (2004) proposed an ANN 

black box approach for LSZ mapping. A combined neural and fuzzy approach was developed 

by Kanungo et al. (2006) for the Himalayan belt, and reported that distribution-free approaches 

are the best objective way to determine the weights to various causative factors. Moreover, they 

can also manage both continuous and categorical data efficiently. In recent years, with 

availability of different data mining tools, machine learning methods of landslide hazard 

assessment are getting popular amongst researchers. Many machine learning algorithms have 

been developed and applied for landslide susceptibility mapping studies in various parts of the 

world. Lee et al. (2004), Yesilnacar and Topal (2005), Pradhan and Lee (2010), Yilmaz (2010), 

Zare et al. (2013), Thai Pham et al., (2015), Arnone et al. (2016) utilized Artificial Neural 

Network (ANN) for spatial prediction of landslide distribution. Neuro-fuzzy have been used by 

Vahidnia et al., 2010; Oh and Pradhan, 2011;  Akgun et al., 2012; Lee et al., 2015; Chen et al., 

2017). In addition to these other machine learning algorithms used in landslide studies are 

Decision tree (DT) (Saito et al., 2009; Nefeslioglu et al., 2010; Pradhan, 2013; Tien Bui et al., 

2016;  Kavzoglu et al., 2014a, 2014b; Wu et al., 2014), Random forest (RF) (Trigila et al., 

2015; Pourghasemi and Kerle, 2016; Hong et al., 2016;  Youssef et al., 2016) Boosted 

regression tree (BRT) (Dickson and Perry, 2016; Youssef et al., 2016), Maximum entropy 

(Felicísimo et al., 2013; Park, 2015; Hong et al., 2016; Kornejady et al., 2017), Naive Bayes 

(NB) (Tien Bui et al., 2012; Thai Pham et al., 2015; Tsangaratos and Ilia, 2016), Support vector 

machine (SVM) (Yao et al., 2008; Yilmaz, 2010; Marjanović et al., 2011; Micheletti, 2011; 

Tien Bui et al., 2012; Pourghasemi et al.; 2013;  Hong et al., 2015). 

 The different methods of LSZ mapping have their own advantages and limitations. The 

choice of a method is governed by many criteria viz. aim and scope of the investigation, scale 

of the investigation, expected level of precision, professional expertise associated and quality of 

the data available. Use of two or more methods are generally recommended for a better 

susceptibility zonation map.   

2.4 Role of Seismicity in Landslide Occurrence 

 The study of seismicity and landslide hazard may be traced back to as early as 1783, 

post the Calabrian Earthquake, Italy, 1783 (Keefer, 2002). These studies have ever since tried 

to correlate earthquake magnitude and distance to landslide distribution in a region. With the 

increasing availability of various resources like aerial photographs, satellite imagery, digital 

elevation models and progress of new computational tools like the GIS, these studies have 
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become more detailed and comprehensive. Many researchers have tried to compile 

comprehensive reports on historical development of post-earthquake field investigations on 

earthquake-induced landslides; and documented the chronological development of studies 

pertaining to this topic (Keefer, 1984, 2002; Rodriguez et al., 1999 etc.). Keefer (1984) carried 

out an extensive study to correlate seismicity and landslide hazard where data from 40 

historical world-wide earthquakes were studied to examine the characteristics, geologic 

environments, and hazards of landslides caused by seismic events. The study identified 14 

types of seismically induced landslides and concluded that each type of these landslides occurs 

in a particular set of geologic environments. This implies that the study of earthquake induced 

landslide susceptibility should be region specific and must take the geological set-up into 

account for a better assessment of the prevailing hazard. In an another study, Keefer (2000) 

examined the pattern of landslide distribution post the 1989, Loma Prieta earthquake using 

statistical methods and observed a strong inverse correlation of landslide concentration with 

distance from the earthquake source and a strong positive correlation with slope steepness. The 

study also suggested a more complex relationship between landslide occurrence and rock 

properties for the California region. Jibson (1993) observed that prediction of earthquake  

induced landslide displacement becomes very important for many seismic analysis and design 

of engineered slopes. He proposed the usage of Newmark's sliding block method as a workable 

tool of estimating approximate landslide displacements. In this method the landslide is 

modelled as a rigid-plastic block sliding on an inclined plane and deems to have provided better 

results than pseudostatic analysis. The study used a simplified Newmark method, which 

estimated the displacements as a function of landslide critical acceleration and earthquake 

shaking intensity. Harp and Jibson (1996) mapped 11,000 co-seismic landslides triggered by 

the 1994 Northridge earthquake and observed that  the most common types of landslides were 

highly disrupted, shallow falls and slides of rock or debris, with only a fraction of landslides 

belonged to deeper, more coherent slumps and block slides classes. Wang et al. (2002) and 

Chigira et al. (2003) published research works on landslides induced by the 1999 Chi-Chi 

earthquake and identified approximately 10,000 distributed landslides. The study revealed that 

the aerial rate of landslides decreases from the epicenter and the effect of rock type on the 

landslide rate is also significant. The Japan Geographical Institute (2004) published a detailed 

landslide distribution map post the 2004 Mid Niigta prefecture earthquake and identified 1353 

landslides induced by the event. The map, published at a scale of 1:30,000 greatly contributed 

to the post disaster relief and recovery strategy. Chigira and Yagi (2006) discussed the basic 

causes and mechanisms of the deep landslides triggered by the same event. Wang et al. (2007) 

observed that the co-seismic landslides induced by the 2004 Mid Niigta prefecture earthquake, 
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were more frequent in a range of slope angles between 150 and 400.  Yin et al. (2009) examined 

the severity of the landslide hazards triggered by the 2008 Wenchuan earthquake in China and 

observed that the earthquake had directly caused more than 15,000 geo-hazards in the form of 

landslides, rockfalls, and debris flows. The study identified more than 10,000 potential 

geohazard sites, especially for rockfalls, reflecting the susceptibility of high and steep slopes in 

mountainous areas affected by the earthquake. Yagi et al. (2009) reported the distribution and 

characteristics of landslides induced by the Iwate–Miyagi Nairiku Earthquake in 2008 in Japan. 

In the study co-seismic landslides were morphologically classified into five types, viz. deep-

seated slide, debris slide, shallow debris slide, secondary shallow debris slide, and debris flow. 

It is observed that the most destructive and predominant landslides in the earthquake-affected 

area were shallow debris slides. Chakraborty et al. (2011) assessed the damage caused by the 

co-seismic landslides of the 2011 Sikkim earthquake, India. The study observed that a large 

number of fresh landslides (mostly rockslides) were triggered in the steep and rocky Saffo-

Tung mountain area of Sikkim due to the event and the number of reactivated landslides is 

quite lower than the number of new landslides. Xu et al. (2012) prepared earthquake induced 

landslide hazard map using GIS and Weight of Evidence method for Yushu County, China 

after the 2010 Yushu earthquake. The study identified 2038 co-seismic landslides and 

considered twelve earthquake triggered landslide associated controlling parameters viz. 

elevation, slope gradient, slope aspect, slope curvature, topographic position, distance from 

main surface ruptures, peak ground acceleration, distance from roads, normalized difference 

vegetation index, distance from drainages, lithology, and distance from all faults. Tang et al. 

(2015) reported landslides triggered by the 2013 Lushan earthquake in China and observed that 

largest landslide density occurred at a distance between 5 and 10 km from the epicentre of the 

event. The study found that the landslide concentration increased with increasing slope angle 

until a maximum for the slope class 45°–55°, and slopes consisting of deeply weathered and 

fractured sandstones and mudstones were the most susceptible to co-seismic landslides. Tanyas 

et al. (2017) prepared a worldwide digital database on earthquake induced landslide inventory 

and examined the underlying characteristics of landslide size, topographic slope, roughness, 

local relief, distance to streams, peak ground acceleration, peak ground velocity, and Modified 

Mercalli Intensity. The study discussed the quality, completeness, and representation of 

earthquake induced landslide inventories and proposed a scoring method for an overall 

evaluation of earthquake induced landslide inventories. Jing et al. (2018) investigated the 

mechanics of the earthquake-induced Hongshiyan landslide in China and concluded that the 

marginal pre-earthquake stability of the Hongshiyan slope, coupled with the strongest seismic 

loading were the main reasons for the large-scale catastrophic rock slope failure induced by the 
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moderate event of 2014. Roback et al. (2018) discussed the size, distribution, and mobility of 

landslides caused by the 2015 Gorkha earthquake in Nepal and mapped approximately 25,000 

landslides induced by the event.  

 In this context, a critical review of the studies pertaining to seismically induced 

landslides in the Garhwal Himalayas will assume a very important connotation. The works of 

many researchers have highlighted the significance of establishing a relationship between 

Himalayan seismicity and landslide susceptibility for this region. Pachauri and Pant (1992) 

proposed a LSZ map for Aglar river catchment area using quantitative analysis of existing 

landslides with geological, geotechnical and topographical attributes. A positive relationship 

between the Aglar fault and landslide activity of the area had been observed where maximum 

landslide distribution was reported in the proximity of the fault. In another study for Dehradun 

district (situated at the foothill of the Himalayan belt), Pachauri et al. (1998) had observed that 

the rupture zone for some of the seismic activities in this region were associated with the 1905 

Kangra Earthquake and found out that the critical aspects of the nearby landslides with the 

faults and lineaments trend in NW-SE direction conforming to the strike of the rupture zone. 

The same researcher in 2001 again established the correlation between major earthquake events 

and landslide occurrence after the 1999 Chamoli Earthquake, where maximum landslide 

density was observed at the highest earthquake intensity zone (Pachauri et al., 2001). Ray et al. 

(2007) used a fuzzy set based approach for LSZ mapping in parts of Garhwal Himalayas and 

concluded that seismic activities in the Garhwal Himalayan region have influenced the slope 

stability conditions that resulted in the form of surface ruptures and fractures. The study also 

revealed that the long term slope stability is largely controlled by the seismic activities in this 

area. In a similar study with Pachauri (2001), Pareek and Sharma (2010) assessed quantitatively 

the impact of seismic factors in LSZ mapping for Chamoli region. They have used GIS and 

remote sensing techniques and concluded that any major seismic event not only reactivated the 

old landslide, but would also render new slope instabilities (Pareek et al,. 2013). Using 

California's Division of Mine and Geology (DMG) procedure, they have developed a GIS 

based tool to examine the slope failure mechanism under seismic conditions (Pareek et al., 

2014). Bhattacharya et al. (2012) have carried out an extensive study to estimate the surface 

displacement of the Delhi-Haridwar-Ridge (DHR) [Mansadevi landslide is situated at the S-E 

of DHR] using Differential SAR interferometry and observed a displacement rate of 8–10 mm 

per year in N150E direction of the Indian plate. This convergence rate estimated in the study 

was relatively low in comparison with those obtained from previous classical studies and it was 

attributed to occurrence of silent/quite earthquakes, aseismic slip, differential movement of the 
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DHR, etc. In another study Bhattacharya et al. (2011) have also noticed slow surface 

movements of the Mansadevi landslide relative to neighboring area during 1992 to 1998 and 

concluded that the present landslide is a cumulative effect of those slow surface movements. 

All these works have clearly indicated that it is impossible to neglect the impact of the hyper-

active seismicity in the Himalayan belt in landslide distribution and recurrence in this area. 

 Although the correlation between Himalayan seismicity and landslide susceptibility has 

been well established, one may still figure out that generally these studies are of deterministic 

nature (considering a single earthquake event). Seldom, the whole tectonic environment is 

considered as a landslide causative parameter. Because of this, the effects of various earthquake 

sizes have been excluded from these studies. The smaller microseism having very low stress 

drops (Sharma and Wason, 1994), which are a product of high transitory stresses have seemed 

to cause perennial slope instability especially in loose weathered material. Mansadevi landslide 

is a prime example, where the material yielding is commonly observed as breaking off, 

toppling and/or sliding of mudstone or sandstone (Nath et al., 2018). On the other hand, strong 

ground motion like the 1999 Chamoli earthquake would not only reactivate the older 

landslides, but would generate fresh mass movements as well (Pareek et al., 2012). Thus, it 

may be concluded that while landslides produced by moderate to large earthquakes are of 

catastrophic nature, one should not neglect the effect of microseisms that prevents the slopes 

from natural arresting of the instability. In other words, various earthquake events with 

different magnitude range will have different effects on landslide occurrence and distribution. 

 In the current practice of LSZ mapping, often a single earthquake event is considered as 

a triggering or external causative factor; whereas it is now understood that the tectonic set up of 

the whole environment plays a major role in controlling the occurrence and distribution of 

landslides in this region. However, this would itself be very challenging as demarcation and 

subsequent delineation of the whole tectonic environment in an area is qualitative and requires 

robust analyses. Alternatively, the scenarios for strong ground motion due to damaging 

earthquakes may be used as a more qualitative parameter in preparing the LSZ maps. For that 

purpose probabilistic seismic hazard analysis (PSHA) may be used as a very effective tool. 

2.5 Use of Probabilistic Seismic Hazard Analysis in Landslide Susceptibility Zonation 

 During the early part of the last decade, probabilistic assessment of landslide 

susceptibility gained worldwide popularity. The earlier deterministic studies (considering a 

single earthquake event) are still popular, although researchers now try to incorporate the 

prospect of temporal variation of seismic events in landslide susceptibility assessment (Nadim 

et al., 2006; Saygili and Rathje, 2009; Yin et al., 2009; Abou-Jaoude and Wartman, 2017 etc.).  
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This is due to the fact that the generation of earthquake induced landslide hazard maps for new 

or scenario events is complicated as each earthquake has specific characteristics, and existing 

earthquake induced landslide inventories considering a particular event only reflect the 

characteristics of that single earthquake (Tanyas et al., 2017). Nadim et al. (2006) has 

conducted a study to identify global landslide and avalanche hotspot using five layers of input 

data. The landslide hazard is estimated considering the lithology and morphometry of the slope, 

moisture content, precipitation received and the expected level of ground shaking. Using 

Global Seismic Hazard Program (GSHAP), 10 classes of expected Peak Ground Acceleration 

(PGA) for a 475-year return period earthquake have been considered as a seismic triggering 

factor for landslides. The study has identified India as one of the 4 major regions with highest 

risk to landslide hazard. Saygili and Rathje (2009) produced probabilistically based seismic 

landslide susceptibility maps for the southern California region.  The study incorporated a 

scalar approach, which uses PGA and earthquake magnitude and a vector approach, which uses 

PGA and PGV (Peak ground Velocity) to estimate earthquake induced sliding displacements. 

The displacement level with a 10% probability of exceedance in 50 years was used in that study 

to identify landslide hazard zones. Abou-Jaoude and Wartman (2017) presented a framework to 

assess earthquake-induced and rainfall induced landslide hazards for Labanon based on the 

geological maps, digital elevation model (DEM), earthquake peak ground acceleration (PGA) 

maps, rainfall data, and a preliminary landslide inventory database. For the 475-year return 

period PSHA ground motions, the study had identified highly susceptible areas where high 

disrupted soil slides and rock-slope failure hazards were identified. These studies have 

confirmed that PGA values derived from Probabilistic Seismic Hazard Analysis (PSHA) could 

effectively be used as a representative of the expected ground shaking which would induce any 

future mass movement. PSHA is a platform, where the probabilistic distribution functions of 

geometry of the source and size distribution are convolved with the rate of seismicity to predict 

future strong ground motion. Therefore, the PGAs predicted are not used here as from single 

events but are representatives of the expected deformations and stress releases in future in a 

finite time period. Consideration of this finite time for exceedance probabilities of strong 

ground motion would provide an opportunity to examine the probabilities in next finite time 

period. Most of the studies consider the scenario for 475 years return period (10% probability 

of exceedance in 50 years) as a conservative approach. But to appreciate the role of seismicity 

in a more holistic way, the implication of different scenarios of strong ground motion on 

potential landslide susceptibility should also be examined. PSHA provides with such 

opportunities to coalesce the different scenarios of strong ground motion with the spatial 

distribution of landslide occurrence in an area. This in turn would help to quantify the role of 
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seismicity on future mass movement expected in that area where PGA is used to quantify the 

seismicity rather than the actual ground motion. Also, PSHA could sufficiently capture the 

expected strength reduction of the rock mass due to repetitive dynamic forces since the 

different scenario earthquakes are calculated considering various seismogenic source zones and 

the recorded past seismicity. 

2.6 Summary 

 A critical examination of the available literature reveals that quantification of landslide 

hazard is a complex process and there exists a variety of methods for landslide susceptibility 

zonation mapping. Before preparing a LSZ map for an area, various landslide causative factors 

should be comprehensively assessed as they are the key in evaluating the prevailing hazard and 

estimating the potential susceptibility from any future events. The scope and scale of the 

investigation greatly influence the selection of hazard modeling techniques along with the 

quality of the dataset available. The methods of LSZ mapping can be either qualitative or 

quantitative, and combination of two or more methods generally reduce the subjectivity 

involved in the process. The common set of guidelines in landslide susceptibility analysis 

considers two sets of landslide causative factors: the internal and the external factors. The 

internal factors are of static nature and comprise of various geo-morphological features of the 

slope and different anthropological conditions. These factors are attributed to the preparatory 

causes of the prevailing landslides. In most of the cases, rainfall and earthquakes (generally a 

single event) are considered as the external causative factors. But they often neglect the 

dynamic environments i.e. tectonics of the area, which seem to be a major disadvantage of the 

current practice. In this regard, an alternate approach is to use PSHA to generate peak ground 

acceleration (PGA) maps for various strong motion scenarios and to incorporate the PGA 

parameter as a landslide triggering factor. Thus the approach would effectively capture the 

effect of an entire range of earthquake sizes within a finite time period, as well as the 

contributions of major tectonic features would be implied. Thus, consideration of seismicity as 

a landslide triggering factor will enhance the understanding of landslide hazards with a more 

pragmatic vision, especially for seismically hyperactive mountainous belts, like the Himalaya. 
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Chapter 3 

DATA PREPARATION 

3.1 Preamble 

 The first step of any Landslide Hazard Zonation (LHZ) study is the collection and 

collation of relevant information on different landslide causative parameters of that particular 

area.  In general, occurrence of landslide is a complex process, which depends on many geo-

environmental and anthropogenic parameters. Each parameter varies significantly from one 

another in physical and morphological attributes. Moreover, their degree of control on landslide 

occurrence also vary considerably. Thus the task of information collation is difficult, time 

consuming and requires robust analysis. As an alternative, thematic maps of various landslide 

causative factors are prepared at a common scale, resolution and coordinate system. The 

thematic maps are used to explore qualitative and quantitative information on various themes 

(causative parameters) and their attributes on the ground surface. This chapter incorporates 

discussion on the study area, various landslide causative parameters, applicability of 

Geographical Information System (GIS) in LHZ studies, and data used for preparation of 

thematic maps. 

3.2 Study Area 

 For implementing a macro-scale, regional basis LHZ study, a stretch of lower 

Himalayan belt has been chosen as the study area of the present research work. The study area 

spreads over Uttarakhand and Himachal Pradesh States of India (Figure 3.1) and encompasses 

approximately 12,350 sq. km.; with estimated population of more than 15 lakhs as per the 2011 

India census. Several important and thickly populated cities of Uttarakhand and Himachal 

Pradesh such as Dehradun (administrative capital of Uttarakhand state), Shimla (administrative 

capital of Himachal Pradesh state), Haridwar, Rishikesh, Paonta Sahib, Devprayag (places with 

religious importance) and Mussoorie, Lansdown, Chakrata, Nahan, Vikas Nagar (popular 

tourist attractions) are located in the study area. Table 3.1 shows the population and area of the 

major cities of the study area. 

Table 3.1: Population and Area of Major Cities 

Major Cities  Population* (2011 Census)  Area ** (sq.km) 

Dehradun 6,00,000 300 

Shimla 2,50,000 40 

Haridwar 2,30,000 25 

Rishikesh 1,20,000 22 
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Solan 40,000 33 

Kotdwar 30,000 80 

Mussoorie 30,000 15 

Lansdwone 8000 6 

Chakrata 5000 8 

*source: Office of the Registrar General & Census Commissioner, India (censusindia.gov.in) 

** source: National Portal of India (india.gov.in) 

There are three National Highways (NH no. 58, 22, 72 and 707(A)) and several State Highways 

along with various auxiliary roads. Parts of Jim Corbett National Park and Rajaji National Park, 

two bio-diverse green forests of national importance are also situated within the study area.  

 
Fig. 3.1: The Study Area 

3.2.1 Geology and Tectonics of the Study Area 

 The composition and types of slope forming materials determine the physio-chemical 

and engineering behaviours viz. texture, degree of weathering, shear strength, and permeability 
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etc. of the rock and soil; which in turn control the degree of landslide susceptibility. The 

geological discontinuities like joints, fissures, fractures, beddings, folds etc. and the orientation 

of the discontinuities also governs the potential of failure. Special attention should be paid to 

bedrock and its structural features in assessing the landslide potential, especially for rock slopes 

so as to understand the mechanism of failure. Thus, an updated Geological map of the study 

area becomes a necessity for LHZ mapping.  In the present study, geological map has been 

derived from existing published map at 1: 326,000 scale from Valdiya (1980); which again 

updated through field investigations. It is shown in Figure 3.2. 

 Geologically, the study area exhibits a complex and heterogeneous amalgamation of 

fifteen formations from different ages' viz. Lower Siwalik Group, Middle Siwalik Group, Krol, 

Infra-krol and Blaini Formation, Tal Formation, Almora Crystalline Formation, Amri 

Formation, Jonsar Formation, Subathu Formation etc. The most commonly available rock types 

are Sandstones, Limestones, Carbonaceous Shales, Slate, Dolomite, and Conglomerate, with 

locally available Quarzite, Gneiss, Amphibolite and Mudstones. Owing to such an assorted 

matrix of lithology, the form and orientation of structural discontinuities (in terms of joints, 

fractures, fissures etc.) also vary to a great extend in this area. Table 3.2 shows the different 

geological formations with the rock types available in the study area. 

 
Fig. 3.2: Geological Map of the Study Area 
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Table 3.2: Geological Units of the Study Area 

Sl. 

No. 
Geological Units Available Rock Types 

Perceived level 

of landslide 

susceptibility 

1 Lower Siwalik Group 
Sandstones, Siltstone, Shales and locally 

available Mudstone  and Conglomerate 
L 

2 
Jutogh Group of 

Western Himalaya 
Mica Schist, Quartzite, Marbles L-M 

3 

Dagshai & Kausauli 

Formation of Western 

Himalaya 

Green Sandstone, Purple Clay, 

Micaceous Sandstone 
H 

4 Simla Group Carbonates M-H 

5 
Subathu Formation of 

Western Himalaya 
Impure Limestone, Red Shale, Sandstone H-VH 

6 
Jaunsar Group of 

Western Himalaya 

Limestone, Slates, Quartzite and 

Volcanic Rocks (Rhyolite, Diorite etc.) 
H 

7 
Krol, Infrakrol & 

Blaini Formation 
Limestone, Carboneous Shales, Slate VH 

8 
Deoban Group of 

Western India 
Dolomitic Limestone L 

9 
Manjir Formation of 

Western Himalaya 
Dark Grey to Black Shales/ Slate H-VH 

10 Igneous Intrusion Granite VL 

11 
Dharagarh Formation 

of Western Himalaya 
Diorite VL 

12 
Tal Formation of 

Western Himalaya 

Limestone, Sandstone, Dolomite, 

Mudstone 
H 

13 

Middle Siwalik Group 

of Western and Eastern 

Himalaya 

Sandstones L-M 

14 

Almora Crystalline 

Formation of Western 

Himalaya 

Quartize, Gneiss, Amphibolite M 

15 Amri Tectonic unit Gneiss, Schist L 

* VL- Very Low, L- Low, M- Moderate, H- High, VH- Very High 
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 The study area falls in Zone IV as per IS 1893(Part I): 2016. The maximum peak 

ground acceleration expected in this region is 0.24g corresponding to an earthquake with 2475 

years return period. This indicates that the whole study area is seismically very active as is the 

case with the whole Himalayan belt. The study area caters three major thrusting systems of the 

Himalayan arc. The most prominent tectonic features of the study area are the Main Boundary 

Thrust (MBT) and the Main Frontal Thrust (MFT) along with a portion of Main Central Thrust 

(MCT). Also numerous transverse lineaments have criss-crossed the area. Figure 3.3 shows the 

major faults and lineaments of the study area. 

 
Fig. 3.3: Major Faults and Lineaments of the Study Area 

   It is important to understand the role and implications of the three major thrusting 

systems (MCT, MBT and MFT) of the Himalaya on overall seismic hazard. The Main Central 

thrust (MCT) which marks the southern edge of the High Himalayas is generally considered 

inactive as it has not yet disturbed the Quaternary sequences. The Main Boundary Thrust 

(MBT) has been locally observed to displace Quaternary deposits.  MBT lies at the southern 

edge of the Lesser Himalaya, and is perceivable as the bedrock along the arc. There have been 

ample evidences to suggest that the Main Frontal Thrust (MFT), which is expressed by uplift 

and folding of late Holocene deposits (Kumar et al. 2001), dislodges Tertiary and Quaternary 

sequences of the Siwalik Group over the Indo-Gangetic plain. Molnar et al. (1985) suggested 
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that all three major earthquakes of the last century (1905-Kangra, 1934-Bihar, and 1950-Assam 

earthquakes) had occurred due to slip in the MFT. The large co-seismic displacements 

observable at different places across the MFT, when vetted against the radiocarbon dating from 

trench exposures have suggested that the last great earthquake had occurred between 1402 to 

1422 A.D. (Sharma and Lindholm, 2012). During the last two decades, extensive research work 

have been carried out on seismicity of the whole Himalayan arc and the general consensus is 

that the next big earthquake will be produced by the Main Frontal Thrust (Kumar et al. 2001, 

Sharma and Lindholm 2012, Bhattacharya et al. 2012). Thus, consideration of the effects of 

these three major tectonic features on landslide occurrence and their spatial distribution is 

absolutely vital for the present research work. 

3.3 Identification of Landslide Causative factors in the Study Area 

 As discussed in Chapter 1, four major categories of landslide causative parameters are 

identified for the Himalayan belt, which are geological causes, morphological causes, physical 

causes and anthropogenic causes. Based on these categories, nine landslide causative 

parameters are considered for the study area. The identified parameters also satisfy the 

classification system given in table 1.1, which is presented in section 1.2.1. Out of the nine 

parameters, eight are identified as the internal or preparatory parameters. Seismicity, which is 

considered as an external or triggering parameter, is also included as a main causative factor. 

The parameters are given in table 3.3 below. 

Table 3.3: Landslide Causative Parameters for the Study Area 

Sl. 

No 

Landslide Causative 

Parameter 
Category/Class Remarks 

1 
Lithology/Geological 

Units 

Geological/ 

Preparatory 

There exists a wide range of material contrast in 

the whole Himalayan region. The uneven spatial 

distribution of sheared materials, jointed and 

fissured materials, adversely oriented 

discontinuities and permeability contrasts make 

the Himalaya very susceptible to landslide 

hazard. 

2 Slope Angle 
Morphological/ 

Preparatory 

The slope angles in this region range between 

300- 450 leading to the formation of near vertical 

slip surfaces. 

3 
Distance from Major 

Tectonic Features 

Physical/ 

Preparatory 

The effect of uplift and rebound, especially at 

plate terrene boundaries, where different 
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lithologies are juxtaposed, can be reasoned with 

the repetitive slope failures in the Himalaya. 

4 Elevation 
Morphological/ 

Preparatory 

The Himalaya is the tallest mountain in the 

world, and therefore, the available relief through 

which slope failure can act is the greatest. 

5 
Distance from 

Drainage 

Physical/ 

Preparatory 

The high rate and volume of discharge 

throughout the Himalaya, especially high 

velocity downstream flow cause a great deal of 

fluvial erosion in the mountains. 

6 Distance from Road 

Anthropogenic/ 

both 

Preparatory 

and Triggering 

A rapid rise in infrastructures including roads, 

hydropower stations and dams etc. with 

inadequate or little consideration for the natural 

hazards has considerably contributed to 

triggering of landslides in the mountains of the 

Himalaya. 
7 

Land-Use-Land-

Cover (LULC) 

Anthropogenic/ 

Preparatory 

8 Slope Aspect 
Morphological/ 

Preparatory 

Aspects of the slope more or less implicate a 

local effect and are generally considered on 

region-specific basis.   

9 Seismicity 
Physical/ 

Triggering 

Earthquakes are recognized as a major landslide 

triggering factor worldwide. The effect of 

seismicity is more prominent in loose, 

weathered materials in steeper slopes. 

 As discussed in section 1.6, rainfall has not been considered in the study as the main 

aim of this research is focused on seismically induced landslide hazard. It is also worth 

mentioning that other parameters such as distance from anticline and syncline folds, slope 

curvatures etc have been considered for LHZ mapping in the Himalaya (Kayastha et al., 2013). 

However, these studies are of micro-scale nature carried out for smaller areas. Considering the 

scope of the present study, and the size of the study area (> 12000 sq. km.), the present research 

work includes the most prominent landslide causative parameters only. The eight preparatory 

parameters given in Table 3.1 (Sl. No. 1 to 8) are considered by almost all the LHZ studies 

carried out for the Himalayan region exclusively.  
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3.4 Use of Geographical Information System (GIS) in Landslide Hazard Zonation  

 Once the landslide causative parameters are finalized, the next step is to extract relevant 

information for LHZ mapping. As the study area is located in the quintessentially rugged 

terrain of the Himalaya, only a fraction of it has been physically accessible. Invariably, remote 

sensing techniques have to be used to mine data on different causative parameters. Use of 

remotely sensed data has been an effective and popular choice for LHZ mapping in the 

Himalayan region. The main advantage of using remotely sensed data is that from a single high 

resolution image in digital format, with multi-spectral information, a range of ground surface 

features can be identified, classified and mapped directly.  With technological proliferation, it is 

now possible to store, manage, collate and analyze large amount of multiple data sets 

effectively. Geographical Information System (GIS) has been an excellent platform for such 

purpose. GIS may be defined as a "powerful set of tools for collecting, storing, retrieving at 

will, transforming, and displaying spatial data from the real world for particular set of 

purposes" (Burrough, 1986).  GIS has been used in LHZ studies to store spatial and non-spatial 

data in digital format, and also to manipulate and analyze different data layers to produce 

results in presentable form (Gupta et al., 1999; Saha et al., 2002; Sarkar et al., 2004; Kanungo 

et al., 2006; Pareek, 2010; Kayastha et al. 2013; Gupta et al., 2016; Bandooni et al., 2018; 

Peethanbaran et al., 2018). It is important to carry out proximity analysis for identifying the 

effects of different causative parameters on landslide activities, which can be performed using 

GIS at great speed. In the present research work, the GIS platform developed by Economic and 

Social Research Institute, California (Arc-GIS, V.10.6) has been used.  

3.5 Preparation of Thematic Data Layers 

3.5.1 Landslide Distribution Layer 

 Identification and mapping of the existing landslides in an area is the first and most 

important task for landslide hazard analysis.  In the present research work, a three steps 

procedure has been followed to finalize the landslide inventory for the study area. The prepared 

inventory is then used for identification of high risk areas and it also forms the frame work for 

all statistical analyses of LHZ mapping. In the first step, high resolution LISS IV images of the 

year 2016 [spatial resolution of 5.8m] from RESOURCESAT 2 (ISRO, 2011) satellite have 

been used for initial identification of the existing landslides. Seven 'scenes' of LISS IV have 

been used to cover up the complete study area. Table 3.4 presents the specifications of a 

particular 'scene' for illustrative purpose. Figure 3.4 shows some of the identified landslides in 

the study area using LISS IV image.    
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Table 3.4: Specification of the remote sensing images used in the study 

Specifications Resourcesat 2 LISS IV images 

Path/Row 97/50 

Spectral Bands 3 

Spectral Ranges 

B2: 0.52–0.59 μm 

B3: 0.62–0.68 μm 

B4:0.77–0.86 μm 

Spatial Resolution 5.8 meters 

Swath 70 km 

Quantization 10 bit 

 

Fig. 3.4: Identification of Existing Landslides using LISS IV Imagery 

In the second step, the prepared landslide inventory is further validated using Google earth 

platform. Google earth platform amalgamate and superimpose a range of satellite imagery from 

various sources to render a 3-D, synoptic view of the ground surface. For the study area, 



Chapter 3  Data Preparation 

34 
 

Google earth platform presents images from DigitalGlobe [Airbus] and Landsat [Copernicus] 

satellites, with a historical time scale from 2003 onwards. This helps in identifying older 

landslides, and also any ambiguity in demarcation of potential landslides in LISS IV was 

reduced. Figure 3.5 shows some of the identified landslides using Google earth platform. 

 
 

 

Fig. 3.5: Identification of Existing Landslides using Google Earth Platform 

 In the third phase, field reconnaissance survey has been done at selected few location 

for ground-truthing. Figure 3.6 below shows the field photographs of selected landslides in the 

study area.  

   
Lat    30°32.369' N 

Long 77049.896’ E 

Lat    30057.683’ N 

Long 76057.326’ E 

Lat    30049.815’ N 

Long 76056.924’ E 

Fig. 3.6: Field Photographs of Selected Landslides 

 Preparation of an accurate and comprehensive landslide inventory is the most important 

task in any LHZ study. In the present research work, a three steps procedure has been followed 

for accurate mapping of the exiting landslides. For that purpose, geo-referenced LISS IV 

images, Google Earth platform and Field survey has been used. It is illustrated in Figure 3.7, 

which shows (a) Field Photographs, (b) LISS IV image and (c) Digital Globe [Google Earth 

platform] image of Mansadevi Landslide in Haridwar, Uttarakhand [29057'23''N, 78009'44''E].    

Lat    30°15'49.97"N  Lat    30°31'18.13"N  Lat    30°27'44.38"N 

Long 78°11'55.18"E  Long 78°07'01.44"E  Long 78°03'02.49"E 

 

 

Long 78°11'55.18"E 
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Fig. 3.7: Mansadevi Landslide, Haridwar 

 The identified landslides are exported to Arc-GIS 10.6 to prepare the landslide 

distribution layer for the study area. A total of 1062 landslides have been identified, demarcated 

and mapped in the present study. Details of the landslide inventory is given in Appendix A-1. 

Figure 3.8 shows the landslide distribution layer prepared for the research work. 

 
Fig. 3.8: Landslide Distribution Layer of the Study Area 
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3.5.2 Digital Elevation Model (DEM) and its Derivatives 

 The topography of the land surface is of fundamental importance for LHZ studies, as it 

controls flow source and direction, soil moisture and solar energy distribution. This in turn 

affects the local climate and vegetation which are important factors that limits the density and 

spatial extent of landslides (Ayalew and Yamagishi, 2005).  The surface topography of an area 

can be derived in the form of Digital Elevation Model (DEM). DEM represents the spatial 

variation of elevation of an area digitally, which is an important landslide controlling factor. In 

the present study, the DEM of the study area is extracted from ASTER GDEM V2.  

 Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global 

Digital Elevation Model Version 2 (GDEM V2) was released jointly by the Ministry of 

Economy, Trade, and Industry (METI) of Japan and the United States National Aeronautics 

and Space Administration (NASA) on October 17, 2011. It has a spatial resolution of 30 

meters, with 10 x 10 tiles that covers almost 99% of the total landmass of earth. Considering the 

scope of the study and the size of the study area, 30m resolution is found adequate for the 

present research work. The study area has the minimum and maximum elevations of 201m and 

3638m above mean sea level respectively, which is shown in Figure 3.9. The DEM is 

categorized into five (5) classes at an interval of 500 m. It is observed that maximum landslide 

density corresponds to an elevation class of [500-1000]m, followed by the class of [1000-

1500]m. The least landslide density is observed at elevations less than 500m. 

 The DEM has been used to derive various terrain attributes like slope angle, slope 

aspect and the drainage density of the study area, which are used as input data layers for LHZ 

mapping. The drainage density map is further validated using SoI (Survey of India) toposheets 

at a scale of 1:50,000. 

3.5.3 Slope Angle Map 

   Slope angle is the most influencing parameter for GIS-based LHZ mapping 

(Guzzetti et al., 1999; Kanungo et al., 2009) as gravitational forces increases with steeper 

slopes. At regional level, it also controls the hydraulic continuity. In the study area, slope 

angles range from 60 to 720. The slope map of the study area is given in Fig. 3.10, which is 

classified into 5 classes. Slopes greater than 350 have been observed to be more susceptible to 

landslides in the study area.  

3.5.4 Slope Aspect Map 

 Slope aspect provides with information on solar and insolation soil moisture conditions 

over that sloping surface, which further affects the distribution of vegetation and hydrological 
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conditions and thus the landslide activity. It more or less implicate a local effect and are 

generally considered on region-specific basis. A slope aspect map of the study area is shown in 

Fig. 3.11. It is categorized into nine (9) classes. It is observed that slopes with East, West and 

North-West directions have the highest concentration of landslides in the study area. 

3.5.5 Drainage Euclidian Distance Map 

 Drainage density in a basin might provide with important information on erosion rates 

in that area. Undercutting of the toe by rivers and drains are two of the major contributing 

factors of landslides and could be directly linked with landslide susceptibility. Low surface 

drainage generally induces high infiltration rate which in turn will cause more pore water 

pressure and thus will increase the overall landslide susceptibility. In this research work, 

proximity analysis of Euclidian distance of the existing landslides from the drainage network 

have been carried out. Euclidian distance is a raster based spatial analyst tool in GIS. It 

provides with the perpendicular (minimum) distance between source and cell. The drainage 

Euclidian distance map of the study area is shown in Fig. 3.12. It is categorized into 5 classes at 

an interval of 250m. Maximum landslide activities have been observed at a distance of less than 

250m. The effect of drainage is observed to get minimized at a distance more than 1000m. 
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Fig. 3.9: DEM of the Study Area 

 
Fig. 3.10: Slope Angle Map of the Study Area 
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Fig. 3.11: Slope Aspect Map of the Study Area 

 
Fig. 3.12: Drainage Euclidian Distance Map of the Study Area 
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3.5.6 Fault Euclidian Distance Map 

 The study area is traversed by three major thrusting systems of the Himalaya viz. MCT, 

MBT and MFT. Also, there exist number of transverse lineaments as well. Any major 

geological discontinuity will have prominent effect on landslide occurrence and distribution in 

an area. Susceptibility of a slope to failure increases manifold if active tectonic features like 

thrust, faults, and lineaments are located in close proximity. The transitory earth stresses will be 

much higher beneath such landslides which in turn would cause recurrent slope instability. The 

presence of shear zones and crushed zones in the bedrocks, which is a result of plate tectonic 

activities, should be considered in assessing the landslide potential in an area.  

 The tectonic map of the study area is presented in Fig. 3.3. The seismotectonic atlas of 

India (GSI) has been extensively referred to in preparing the tectonic map. Additionally, 

different auxiliary data (https://data.gov.in/catalog/digital-seismotectonic-atlas-india-and-its-

environs; http://bhukosh.gsi.gov.in; published literatures) are also used for corroboration. The 

digitized fault contours are exported in Arc GIS 10.6 to calculate the Euclidian distance of the 

existing landslides from the nearest source (fault/thrust/lineaments). The fault Euclidian 

distance map of the study area is shown in Fig. 3.13. The minimum and the maximum distances 

have been observed to be 0 km (i.e. landslides observed at the fault wall itselt) to 14.9 km. The 

map is categorized into 5 classes at an interval of 3km. The highest landslide density has been 

observed at a distance of less than 3 km from a major discontinuity. 

3.5.7 Road Euclidian Distance Map 

 Construction of roads in the fragile mountain chains of the Himalaya has increased the 

landslide risk manifold. With higher road density, the overall instability of the slope will 

increase due to under-cutting of the hill toe. It may be considered as both landslide preparatory 

as well as triggering parameter, depending upon the slope geometry. Thus consideration of road 

distance becomes a very important parameter in LHZ mapping. 

 There is a sporadic distribution of road networks throughout the study area. It caters 

three National Highways (NH no. 58, 22, 72 and 707(A)) and several State Highways along 

with various auxiliary roads. While the urban centers of the area have a high concentration of  

road networks, the overall density of road is moderate due to large forest areas. The road 

network map is derived from various available sources (www.mapsofindia.com, 

www.gismaps.in, www.ucost.in). From the road network map, Euclidian distance from existing 

roads has been calculated, which ranges from a minimum of 15m to a maximum of 750m. A 

map of the road Euclidian distance is shown in Fig. 3.14. It is categorized into 5 classes. While 



Chapter 3  Data Preparation 

41 
 

the highest landslide density is observed at a distance of less than 100m, at distance greater 

than 500m, minimal effects of roads on landslide activities have been observed. 

 
Fig. 3.13: Fault Euclidian Distance Map of the Study Area 

 
Fig. 3.14: Road Euclidian Distance Map of the Study Area 
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3.5.7 Land-Use-Land-Cover (LULC) Map 

 LULC pattern is an important parameter for LHZ mapping, although it has been 

observed that the effects of LULC pattern are secondary and generally, rather than inducing 

any new slope failure, more often than not, they dictate the degree of landslide susceptibility. In 

the present study, Maximum Likelihood algorithm, which is one of the most popular methods, 

has been adopted to classify the different LULC types. It is a supervised classification system. 

Landsat 8 satellite imagery with 30m spatial resolution have been used in this research work for 

LULC classification considering its obvious advantage over LISS IV image (Landsat 8 is a true 

colour composite image, whereas LISS IV is a false colour composite image). The LULC map 

of the study area is shown in Fig. 3.15. It is categorized into seven (7) distinct classes of land 

cover types. Table 3.5 below gives the percentage area of each LULC types and the percentage 

of the observed landslide area in each class. 

Table 3.5: LULC Patterns in the Study Area 

Sl. 

No. 
LULC Type 

Percentage of the Total 

Study Area 

Percentage of the Observed 

Landslide Area 

1 Sparsely Vegetated Area 
 

57.2 63.5 

2 Deciduous Forest Area 12.2 9.8 

3 Evergreen Forest Area 15.6 12 

4 Shrub Land Area 12.2 11.5 

5 Built-up Area 1.2 1 

6 Barren Land 1.2 2.2 

7 Water Body 0.4 0 
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Fig. 3.15: LULC Map of the Study Area 

3.6 Summary 

 The chapter incorporates detailed discussions on the study area and its geological as 

well as tectonic environments. Various landslide causative parameters identified for the study 

area are discussed at length. A brief discussion on the use of GIS in LHZ mapping is included 

here. The chapter discusses in details the method and data used for preparation of thematic 

maps, which will be used as input parameters for LHZ mapping. DEM has been used to prepare 

thematic layers for slope angle, slope aspect and drainage density in the study area. Preparation 

of a comprehensive landslide inventory is the first and the most fundamental step in LHZ 

studies. In this research work, a three steps procedure has been followed for that purpose. The 

landslide inventory shows that there are significant concentration of landslide events near major 

tectonic features. The prepared landslide distribution map has been used for proximity analyses 

to establish correlation between landslide activities and various causative parameter.  
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Chapter 4 

LANDSLIDE SUSCEPTIBILITY ZONATION (LSZ) UNDER STATIC 

CAUSATIVE PARAMETERS 

4.1 Preamble 

 In the present research work, a part of the lower Indian Himalaya has been selected to 

understand the role and effect of seismicity in landslide occurrence and their distribution. For 

this study area, eight (8) internal or preparatory landslide causative parameters have been 

identified; and seismicity has been considered as a main external or landslide triggering factors. 

The internal factors are fundamentally of static nature, i.e. there is little or no temporal 

variations expected in their attributes. Thematic maps of the eight parameters have been 

generated (as discussed in Chapter 3), which is analyzed with respect to the landslide 

distribution layer to establish correlation between landslide activity and various classes of 

thematic layers.  

 In the next phase, the present susceptibility level of the study area has been assessed 

under the condition of static landslide causative parameters. This is of particular importance as 

the generated Landslide Susceptibility Map (LSZ) map will be used to understand the intrinsic 

effects of various causative parameters, before incorporation of seismicity in landslide hazard 

assessment. In this chapter, a statistical approach of LSZ mapping is included. An accurate LSZ 

map of the study area has been produced, which shows the current scenario of landslide 

susceptibility for different important sites of the study area. The prepared LSZ map is validated 

statistically and the success of the predictive map is calculated. The chapter also incorporates a 

comprehensive assessment of the LSZ map in terms of effects of Tectonic features on landslide 

distribution for the lower Himalayan belt. It is worth mentioning here that the term 'landslide 

susceptibility' has been used deliberately in this chapter instead of 'landslide hazard', as only 

static landslide causative parameters are considered in this phase. 

4.2 Statistical Approach of LSZ Mapping: Information Value Method 

 For all LSZ mapping approaches, it is imperative to understand the influence of each 

landslide causative parameter (thematic class) on landslide occurrence and to calculate their 

relative importance. This relative importance is generally referred to as the "weight" of a 

parameter, which signifies its perceived degree of control on landslide activities. A thorough 

knowledge of the study terrain is essential for identifying the relative importance of landslide 

causative factors. In qualitative approach of LSZ mapping, weights are determined based on 
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such terrain knowledge of the investigator, and thus it incorporates a certain degree of 

subjectivity. 

 On the other hand, statistical approach of LSZ mapping evaluates the practical 

relationships between different landslide causative parameters and the spatial distribution of the 

existing landslides over a region. Here, the relative importance of each thematic class of a 

causative parameter is determined statistically. Therefore, the subjectivity of weight assignment 

procedure is reduced in this approach. The most important step in statistical approach is to 

determine the landslide density in each thematic class and then weight of that class is defined. 

In the present study, one of the most widely used and globally recognized statistical approach: 

Information Value (Info Val) method has been used to prepare the initial LSZ map of the study 

area. Info Val method (van Westen, 1997) is based on the probability of landslide occurrence 

within each class of thematic data layers, where the weight of a particular class is determined as 

𝑊𝑖 = [
𝐷𝑒𝑛𝑠𝑐𝑙𝑎𝑠

𝐷𝑒𝑛𝑠𝑚𝑎𝑝
] = ln

𝑁𝑃𝑖𝑥(𝑆𝑖) 𝑁𝑃𝑖𝑥(𝑁𝑖)⁄

∑ 𝑁𝑃𝑖𝑥(𝑆𝑖)𝑛
𝑖=1 ∑ 𝑁𝑃𝑖𝑥(𝑁𝑖)𝑛

𝑖=1⁄
      (4.1) 

 where, Wi denotes the calculated weight of the ith class of a particular thematic data layer (e.g. 

barren land class in LULC thematic layer) containing n numbers of classes; Densclas denotes 

the landslide density within that particular class; Densmap denotes the landslide density within 

that particular thematic data layer, Npix(Si) denotes the number of pixels that contain landslides 

in the ith class of a particular thematic data layer; and  Npix(Ni) denotes the number of pixels in 

that ith class.  Weights are calculated for all the n number of classes of a particular thematic data 

layer. The calculated weights are added in the form of Info Val to all thematic data layers, 

which are then arithmetically overlaid in GIS environment to prepare a Landslide Susceptibility 

Index (LSI) map. Further, the LSI map is categorized into different susceptibility classes 

(generally 5 classes) to produce the LSZ map of an area. A schematic diagram of the working 

principle is given in Fig. 4.1 below. 
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Fig. 4.1: Schematic Diagram of InfoVal Method Working Principle 

 

4.3  Results: Landslide Susceptibility Zonation Map of the Study Area 

 Table 4.1 shows the calculated Information Values (Info Val) of different landslide 

thematic layer classes for the study area. 

Table 4.1: Information Value of Different Landslide Thematic Layer Classes 

Landslide Causative Factor Class 
Number of Total 

Pixels Npix(Ni) 

Number of Landslide 

Pixels Npix(Si) 

Info Val 

(Wi) 

Slope Angle 

<150 5403279 2092 -0.710 

150-250 3520086 5163 -0.132 

250-350 3073718 9300 0.183 

350-450 1394610 7856 0.453 

>450 209626 2558 0.789 

Geological Units 

Krol, Infrakrol & Blaini Fm 1691691 7754 0.363 

Subathu Fm of W. Himalaya 286108 1142 0.303 

Manjir Fm of W. Himalaya 69478 260 0.275 

Subathu Fm. of W. Himalaya 241667 726 0.180 

JaunsarGp of W. Himalaya 3131804 8886 0.155 

Tal Fm of W. Himalaya 417349 1046 0.101 
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SimlaGp 528344 1316 0.098 

Almora Crystalline Fm of W. 

Himalaya 
81679 186 0.059 

Dagshai and Kausauli Fm of W. 

Himalayas 
560550 953 -0.067 

Jutogh Gp of W. Himalaya 475571 592 -0.203 

Middle Siwalik Gp 1024292 863 -0.372 

Lower Siwalik Gp 4601763 3003 -0.483 

Amri Tectonic unit 273470 176 -0.489 

Deoban Gp of W. India 105946 66 -0.503 

Dharagarh Fm of W. India 946 0 -2.274 

Igneous intrusion 110664 0 -4.342 

Fault Euclidian Distance 

0-3 km 7193388 15136 0.025 

3-6 km 4068248 8002 -0.004 

6-9 km 1577930 2762 -0.055 

9-12 km 565676 809 -0.143 

>12 km 196077 260 -0.175 

Elevation 

< 500 m 2720775 1076 -0.701 

500-1000 m 4535294 13451 0.174 

1000-1500 m  3515152 9334 0.126 

1500-2000 m 2115842 2894 -0.162 

> 2000 m 714256 214 -0.821 

 Drainage Euclidian Distance 

< 250 m 2165236 6795 0.057 

250-500 m 1598154 4089 -0.032 

500-750 m 931472 2081 -0.030 

750-1000 m 319620 466 -0.119 

> 1000 m 26326 47 -0.561 

Road Euclidian Distance 

< 100 m 720633 2043 0.181 

100-200 m 735637 2000 0.162 
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200-350 m 857568 1992 0.094 

350-500 m 935429 1923 0.041 

> 500 m 10352052 17482 -0.044 

LULC Patterns 

Sparsely Vegetated 7783545 18015 0.067 

Deciduous Forest 1708949 2100 -0.208 

Evergreen Forest 1710523 3200 -0.025 

Shrub Land 2199289 3143 -0.142 

Built-up 130394 151 -0.234 

Barren Land 16350 339 1.019 

Water Body 52269 21 -0.693 

Slope Aspect 

Flat 45962 0 -4.728  

N 1946651 2191 1.612  

NE 1886506 2796 1.718  

E 1665650 4886 1.960  

SE 1731584 1727 1.509  

S 1629473 1798 1.526  

SW 1571058 2785 1.716  

W 1577831 4837 1.956  

NW 1497886 5903 2.042  

 The calculated InfoVal signify the relative importance of a particular thematic class in 

landslide susceptibility. A positive Information Value denotes a positive correlation between 

landslide activities and that particular class. On the other hand, a negative Information Value 

indicates a weak correlation. Higher the InfoVal, stronger is the correlation. For example, in the 

slope angle thematic layer, classes of slope angle less than 150 and 150-250, negative InfoVal 

were obtained meaning that very little landslide activities have been observed in these two 

thematic class. On the contrary, the positive InfoVal calculated for classes of slope angle 250-

350 and 350-450 imply that there exist a strong positive correlation between landslide activities 

and the thematic classes. The InfoVal is significantly higher (closer to 1) for the class of slope 

angle greater than 450, which means that that maximum landslide activities have been observed 

for this particular class. Similarly, for geological unit thematic layer, the highest landslide 

activities have been observed for Krol, Infrakrol & Blaini Formation, followed by Subathu 
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Formation. On the other hand, igneous intrusion class, that consists of intact rocks like granite 

and diorite, is negligibly susceptible to slope failure and same is denoted by the largest negative 

InfoVal calculated for that particular class. For thematic layer of fault Euclidian distance, the 

strongest and the weakest correlation between landslide activity and thematic class have been 

observed at a distance of less than 3 km and greater than 12 km respectively. Similarly, for the 

thematic layers of drainage Euclidian distance and road Euclidian distance, the highest 

landslide activities have been observed at a distance of less than 250 m and 100 m respectively. 

The weakest correlations corresponding to the same data layers have been observed at a 

distance of more than 1000 m and 500 m respectively. In the LULC pattern data layer, the 

highest Info Val has been obtained for barren areas, followed by sparsely vegetated land 

covers. Build up areas have the lowest Info Val, although the smaller pixel counts (only 1% of 

the total area falls under build up area approximately) might have played a role here. 

Expectedly, evergreen forest areas and deciduous forest areas are less susceptible to landslide 

events. Interestingly, landslide activities have been well distributed for all most all slope 

directions (aspects). 

 Once the Info Val of various thematic classes are obtained, they are appended to the 

thematic data layers; which are then reclassified based on their Information Value. The 

reclassified thematic layers are overlaid arithmetically in Arc-GIS 10.6 to calculate Landslide 

Susceptibility Index (LSI) of each pixel. The LSI values are then segregated using 'Natural 

Breaks’ to categorize the LSI map into five classes of Landslide Susceptibility. Natural breaks 

in Arc-GIS 10.6 provides with an optimal classification scheme that finds class breaks, which 

(for a given number of classes) will minimize within-class variance and maximize between-

class differences. The susceptibility classes are based on linguistic variables of perceived 

susceptibility level. In this study, five classes of landslide susceptibility i.e. Very Low (VLS), 

Low (LS), Moderate (MS), High (HS) and (VHS) have been considered. The final LSZ map of 

the study area is shown in Fig. 4.2 below. 
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Fig. 4.2: Landslide Susceptibility Zonation Map of the Study Area using Info Val Method  

   The prepared LSZ map of the study area shows the current landslide susceptibility level 

for various important cities of Uttarakhand and Himachal Pradesh states of India. Shimla, 

Mussoorie and Lansdowne, three very popular tourist attraction sites are observed to have very 

high to high level of landslide risk. Dehradun, the administrative capital of Uttarakhand state is 

low to moderately susceptible to landslide hazard. Nahan, Ponta Sahib, Kotdwar some thickly 

populated cities in the study, are observed to have low landslide susceptibility. Two other 

important religious centres Haridwar and Rishikesh lie in the zone of moderate susceptibility. 

The case of Haridwar is an interesting one: despite being a relatively plainer site with gently 

favouring landslide causative parameters, it falls under moderately susceptible zone. This is due 

to its proximity to MFT, which is believed to have governed the current susceptibility level of 

landslide hazard in Haridwar. This point is well augmented by the presence of very prominent 

Mansadevi landslide in this area. 
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 The prepared LSZ map is further analyzed both spatially and statistically to validate the 

reliability of the predictive model. The spatial analysis provides with the information on the the 

distribution pattern of susceptibility zones in correlation with observed landslide incidences, 

whereas statistical methods shows the accuracy of the predictive map. Also, the success rate of 

the predictive map is estimated using Success Rate Curve (Chung and Fabbri, 1999). 

4.3.1 Map Validation 

 For spatial validation of the LSZ map, the existing landslides of the study area are 

superimposed on the prepared map (Fig. 4.2). It is observed that the maximum landslide 

distribution confines to the zones of HS and VHS, where zone of MS contains fewer landslides 

than HS and VHS. Only few landslides are distributed sporadically in the zones of LS and 

VLS. Table 4.2 shows the landslide distribution patterns across the LSZ map. 

Table 4.2: Spatial Analysis of the LSZ map 

LSZ Class Area (sq. km)  
% of Total 

Area  

No. of 

Observed LS  

LS Frequency 

per sq. km  

Very Low (VLS) 114.50 0.009 0 0 

Low (LS) 4058.97 0.311 45 0.01 

Moderate (MS) 4083.08 0.312 207 0.05 

High (HS) 3884.99 0.297 525 0.14 

Very High (VHS) 929.24 0.071 285 0.31 

 From Table 4.2 it is observed that although the zone of very high landslide 

susceptibility constitutes the lowest percentage of the total area (~7%), it contains the highest 

frequency of observed landslides per sq. km (31%). On the other hand, no landslide incidence 

was observed in the very low susceptibility zone. For the zone of low landslide susceptibility, 

frequency of landslide incidence per sq. km is only 1%. Also, there is a gradual decrease in 

frequency of observed landslide per sq. km from the very high to the very low susceptible 

zones, with considerable class separation. Hence, from the spatial analysis of the prepared LSZ 

map it can be concluded that the calculated and classified susceptibility zones are in good 

agreement with occurrences of pre-existing landslides. 

 In the present study, the Frequency Ratio (FR) analysis of LSZ classes is used as the 

statistical validation method. In this method, the similarity between susceptibility zones and 

landslide inventory is compared. In FR method, the ratio of the landslide pixels in a particular 

thematic class to the total landslide pixels is correlated with the ratio of the area of that 

particular thematic class to the total study area (in terms of pixel counts). It is mathematically 

expressed as 
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FR =  
LS Pixels in Factor Class

Total LS Pixels⁄

Total Pixels in Factor Class
Total Pixels in the Area⁄

       (4.2) 

Figure 4.3 shows the calculated FR of the LSZ classes. The highest value (3.78) of FR is 

calculated for VHS zone. This implies that despite having a smaller area, the class of VHS 

surrounds a very good portion of the existing landslides (27%). Similarly, the class of HS zone 

has a high value of FR indicating a positive correlation between the prepared LSZ map and 

landslide inventory. 

 
Fig. 4.3: Statistical Analysis of the LSZ Map 

 The analysis of success rate curve is also used as an effective method for validating a 

LSZ map (Chung and Fabbri, 1999). The area under the curve is often considered to measure 

the prediction accuracy qualitatively. The success rate curve is obtained by plotting the 

cumulative percentage of observed landslide occurrence against the cumulative percentage of 

LSZ area, as shown in Fig. 4.4. 

 

Fig. 4.4: Success Rate Curve of the LSZ Map 
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 Both spatial and statistical analyses imply that the prepared LSZ map as shown in Fig. 

4.2 depicts a realistic scenario where maximum number (~75%) of observed landslides falls in 

VHS and HS zones. The area under the success rate curve in Fig. 4.4 is computed to be 0.797. 

This denotes that the overall success rate of the prepared LSZ map is appox. 79.7%, which is in 

accord with the acceptable norm used for LSZ studies (Kayastha et al., 2013). 

4.4 Assessment of the LSZ Map in terms of Tectonic Features 

 An interesting pattern of landslide incidence has been observed in the study area: there 

is a high concentration of observed landslides near all tectonic features (Fig. 4.5), especially 

where all the three major thrusting systems viz. MCT, MBT and MFT merge.  

 In general any major geological discontinuity should be considered as an important 

causative parameter (internal/preparatory) in LSZ mapping (Kanungo, 2006; Kayastha et al., 

2013). And, when such discontinuities are seismically active, like the MCT, MBT and MFT in 

the Himalaya, their implications in the occurrence and spatial distribution of landslides turn out 

to be far reaching. Literature survey indicated that major tectonic features play important role 

for landslide occurrences (Keefer, 1984; Rodriguez et al, 1999; Liao and Lee, 1999; Chigira et 

al., 2010; Xu et al., 2012). Apart from the earthquakes generated due to the slip in an active 

fault or lineament, the aseismic fault motions also control the rate and occurrence of landslides 

near major tectonic features (Bhattacharya et al., 2015). In the Himalayan belt, a strong 

correlation between fault activities and landslide distribution has been suggested in the past. 

Pachauri and Pant (1992) observed a positive relationship between the Aglar fault and landslide 

activities of the area, where maximum landslide distribution was reported in the proximity of 

the fault. Bhattacharya et al. (2015) noticed slow surface movements of the Mansadevi 

landslide relative to neighboring area during 1992 to 1998; and concluded that the present 

landslide is a cumulative effect of those slow surface movements. Thus, consideration of active 

tectonic features is a vital part in LSZ studies, especially for seismically active Himalayan 

regions. Yet, most of the past studies mainly focused on smaller scale local LSZ mapping 

(Anbalagan, 1992; Pain et al., 2014; Kumar et al., 2017; Pandey et al., 2018) and thus lacked an 

adequate database to correlate quantitatively tectonic activities and landslide distribution in the 

Himalaya. To quantify the role of tectonic features on landslide distribution, there are two 

prerequisites: (i) it requires presence of adequate number of active tectonic features in terms of 

faults and lineaments and (ii) there should be substantial number of observed landslides in the 

vicinity of tectonic features to be statistically significant. Thus, for a quantitative 

comprehension of the effect of tectonic features on landslide occurrence and their distribution 

pattern, regional LSZ studies are required. These challenges precisely underline the difficulty in 
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quantifying the role of tectonic features in the Himalaya for micro/ meso-scale LSZ studies at 

local level. 

 

Fig. 4.5: Landslide Distribution Pattern near Major Tectonic Features 

 An attempt has been made in this research work to examine quantitatively the effect of 

tectonic features on landslide distribution in the study area. The study area encompasses around 

12,350 sq. km area and is traversed by three active faults viz. MCT, MBT and MFT, along with 

many transverse lineaments. The number of observed landslides in the whole study area is 

1062. Therefore, it provides with a perfect platform to carry out the study in a holistic way. The 

results of this study would be of particular importance for other micro/meso-scale city specific 

landslide studies in the Himalayan region, where it is difficult to create a relevant dataset 

correlating fault distance and landslide distribution. 

4.4.1 Methodology 

 To quantify the role of tectonic features on landslide occurrence and their spatial 

distribution, the study area is divided into two parts: around 2/3rd part of the study area is 

considered as the training area from which data has been extracted, and the remaining 1/3rd part 

is considered as testing area for result validation (Fig. 4.6). The training part and testing part 

has almost similar numbers of observed landslides (583 in the training area and 479 in the 

testing area). Along with MBT and MCT (both traverse throughout the study area) a portion of 
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MCT is also present in the testing area. The selection of training and testing area is based on 

the near-homogeneity of other landslide causative parameters in these areas. The river Yamuna 

demarcates the boundary between the training and testing areas. The term fault is used here to 

denote all tectonic features (i.e. thrusts and transverse lineaments). 

 

Fig. 4.6: Demarcation of Training and Testing Areas 

 Two thematic data layers: the landslide distribution map and the fault Euclidian distance 

map have been prepared for the training area following the same procedure as given in sections 

3.5.1 and 3.5.6 respectively (Chapter 3). In the next step, these two thematic layers are collated 

to create a database on the Euclidian distance of the existing landslides from the nearest fault. It 

is followed by the extraction of relevant data (i.e. number of observed landslides vs. fault 

Euclidian distance) for every 100m class interval. Finally, regression analysis has been 

performed with number of observed landslides as a dependent variable and fault distance as an 

independent variable to quantify the effect of fault distance on probability of landslide 

occurrence. An equation has been derived to best fit the regression model and coefficient of 

determination is calculated. An schematic diagram of the working methodology is shown in 

Fig. 4.7. 
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4.4.2 The Proposed Equation: Effect of Fault Distance on Probability of Landslide 

 Occurrence  

    For the training area, data on the number of observed landslides against fault Euclidian 

distance have been extracted using the spatial analyst tool in Arc-GIS 10.6. The prepared 

database is given as Appendix A-2. From the database it is observed that the distance of 

observed landslide events from faults vary from 0 (i.e. landslides observed at the fault wall 

itself) to 14.90 km for the training area. The number of observed landslides against fault 

Euclidian distance have been plotted as shown in Fig. 4.8. 

 

Fig. 4.7: Schematic Diagram for Quantifying the Effect of Fault Distance on Landslide 

Activities 

 

 
Fig. 4.8: Landslide Distribution vs. Fault Euclidian Distance 
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The points in Fig. 4.8 indicate the observed landslide number per class interval (i.e. for each 

100m distance bin) and the continuous line represents the corresponding cumulative value. It is 

evident that the number of observed landslides decreases exponentially with increasing distance 

from the faults and thus confirms a strong inverse correlation between fault distance and 

landslide distribution for the training area. To have a better perspective and illustration, the 

number of observed landslides for each thematic class of fault Euclidian distance data layer 

(refer to table 4.1) is extracted for the training area. It is given in table 4.3. 

Table 4.3: Observed Landslide Frequency in Different Thematic Classes  

Fault 

Distance 

Observed Number of 

Landslides Per Class 

Cumulative Number of 

Landslides Per Class 

Ratio of Observed 

Landslide 

0-3 km 332 332 0.57 

3-6 km 138 470 0.24 

6-9 km 68 538 0.12 

9-12 km 33 571 0.06 

12-15 km 12 583 0.02 

 Table 4.3 shows that 57% of the total observed landslides occurs at a distance of less 

than 3 km from any major tectonic feature. Frequency of the observed landslides decreases to 

24% and 12% respectively as the distance from faults increases to 6 km and 9 km. For the class 

interval of 12-15 km this frequency becomes a negligible 0.02, implying that the effect of fault 

distance practically gets nullified at a distance of more than 12 kms. Based on these 

observations, a statistical correlation between probability of landslide distribution and distance 

from faults is derived using regression analysis of the training data. This is given by equation 

(4.3), which quantifies the effect of fault distance on landslide distribution in the study area. 

𝑓{𝑌} = 0.322𝑒−0.28047𝑥         (4.3) 

Where, Y represents the probability of landslide occurrence for x km fault distance in the 

training area.  

4.4.3 Validation of the Proposed Equation 

  For the testing area, data on number of observed landslides has been extracted at per 

km fault Euclidian distance to calculate the actual landslide probability (frequency) per km (the 

independent variable, x in Eq. 4.3 is derived for km unit). Then probability of landslide 

incidence per km fault Euclidian distance is calculated using Eq. 4.3. The observed and the 
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calculated probabilities are compared to estimate the error. Table 4.4 shows the validation of 

the proposed method for the testing area.   

Table 4.4: Observed and Calculated Landslide Probabilities for Fault Distance 

Fault Distance (km)  Calculated LS Frequency  Observed LS Frequency  

1 0.24 0.26 

2 0.18 0.18 

3 0.14 0.17 

4 0.10 0.12 

5 0.08 0.08 

6 0.06 0.10 

7 0.05 0.03 

8 0.03 0.04 

9 0.03 0.00 

10 0.02 0.01 

11 0.01 0.00 

12 0.01 0.00 

 In the testing area, maximum fault Euclidian distance is observed as 11.4 km. Table 4.4 

indicates that the calculated and observed probabilities finely concur. For this dataset, the 

estimated standard error (0) is 1.596%. A graph of probability of landslide incidence vs. fault 

Euclidian distance is plotted (Fig. 4.9) and the coefficient of determination (R2) is calculated.  

 

Fig. 4.9: Probability of Landslide Incidence vs. Fault Distance 
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From Fig. 4.9, it is understood that for the study area, there exists a strong inverse correlation 

between landslide activities and distance from tectonic features. It is observed more than 4/5th 

of the observed landslides in the training area (~81%) occurred at a distance of less than 6 km 

from any major tectonic features. As the distance from the fault increases, landslide incidence 

decreases. This effect of tectonic features on landslide activities has been quantified in the form 

of Eq. 4.3. The high value of coefficient of determination (R2) indicates the proposed equation 

can depict this scenario realistically. 

   It is to be noted that slope failure ultimately implies to a prevailing set of ground 

conditions at that specified duration, rather than the singular effect of one or more individual 

parameters. This makes it more difficult to quantify the effect of a singular causative factor on 

occurrence of landslides. Therefore, one must understand that the calculated probabilities given 

by Eq. 4.3, do not physically represent the overall probability of slope failure, but quantifies the 

effect of fault distance on landslide incidence. In absence of relevant data on faults, these 

results will be of practical importance to comprehend the implication of tectonic environment 

on landslide events of the lower Himalayan belt for future studies. 

4.5 Contribution of Tectonic Features on Landslide Susceptibility 

 As discussed in the previous section, the occurrence and spatial distribution of 

landslides in an area are governed by many important parameters. For the study area, eight such 

causative parameters have been identified. Having established the strong correlation between 

fault distance and landslide activities, it will be interesting to examine the relative contribution 

of tectonic features on landslide susceptibility for the study area. Landslide Relative Frequency 

(LRF), a statistical approach of LSZ mapping has been used to calculate the relative importance 

of various landslide causative parameters. Once again, the testing area (Fig. 4.6), which has a 

uniform fault density throughout, is selected for this purpose. Also, due to the size of the total 

study area, there are significance variations in the spatial attributes of all causative parameters. 

This acts as a major hindrance in comprehending their effects in a holistic way. For example, 

there is a sporadic distribution of road networks in the study area, whereas for the testing area, 

the distribution is near homogenous. Similarly drainage density and fault density of the total 

study area are non-uniform and vary considerably throughout. Therefore, a smaller area has 

been selected to maximize the near-homogeneity of landslide causative parameters.   

 Landslide Relative Frequency (LRF) is derived from the frequency ratio (FR) of the 

factor classes. It is a standard method which has been adopted by many researchers 

successfully (Lee et al., 2008; Ozdemir and Altural, 2013; Kumar and Anbalagan, 2016, 

Sangeeta and Maheshwari, 2018). As discussed in section 4.3.1, the FR of particular thematic 
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class is calculated using Eq. 4.2. In the next step, LRF is calculated as the ratio of FR of that 

class to the total FR of the data layer. Mathematically, 

𝐿𝑅𝐹 =
𝐹𝑎𝑐𝑡𝑜𝑟 𝐶𝑙𝑎𝑠𝑠 𝐹𝑅

∑ 𝐹𝑎𝑐𝑡𝑜𝑟 𝐶𝑙𝑎𝑠𝑠 𝐹𝑅
          (4.4) 

Each causative parameter has different degree of control on landslide occurrence. The relative 

importance or contribution of each parameter is determined by a predictor rating (Ri) which is 

calculated as 

𝑅𝑖 =
(𝐿𝑅𝐹𝑚𝑎𝑥−𝐿𝑅𝐹𝑚𝑖𝑛)𝑖

(𝐿𝑅𝐹𝑚𝑎𝑥−𝐿𝑅𝐹𝑚𝑖𝑛 )𝑚𝑖𝑛
         (4.5) 

Generally, value of Ri is normalized to indicate the statistical contribution of a particular 

parameter in landslide susceptibility. Table 4.5 shows the calculation of FR and LRF of 

different causative parameters for the testing area.  

Table 4.5: Calculation of FR and LRF for the Testing Area 

Landslide Causative Factor 

Class 

Number of Total 

Pixels Npix(Ni) 

Number of Landslide 

Pixels Npix(Si) 
FR LRF 

Slope Angle 

<150 1475010 946 0.240 0.028 

150-250 1484429 2511 0.632 0.075 

250-350 1336703 4781 1.336 0.159 

350-450 613696 3957 2.409 0.286 

>450 126025 1282 3.801 0.452 

Geological Units 

Krol, Infrakrol & Blaini Fm 999777 1312 0.489 0.049 

Subathu Fm of W. Himalaya 484046 592 0.455 0.045 

Manjir Fm of W. Himalaya 569025 953 0.624 0.062 

Subathu Fm. of W. Himalaya 536819 1316 0.913 0.091 

Jaunsar Gp of W. Himalaya 294583 1092 1.380 0.138 

Tal Fm of W. Himalaya 831321 3989 1.787 0.178 

Simla Gp 705775 3555 1.875 0.187 

Almora Crystalline Fm of W. 

Himalaya 
114421 47 0.153 0.015 

Dagshai and Kausauli Fm of 

W. Himalayas 
77144 260 1.255 0.125 

Jutogh Gp of W. Himalaya 119139 0 0.000 0.000 

Middle Siwalik Gp 946 0 0.000 0.000 

Lower Siwalik Gp 108825 265 0.907 0.090 
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Amri Tectonic unit 174444 92 0.196 0.020 

Deoban Gp of W. India 999777 1312 0.489 0.049 

Dharagarh Fm of W. India 484046 592 0.455 0.045 

Igneous intrusion 569025 953 0.624 0.062 

Fault Euclidian Distance 

0-3 km 2607306 7726 1.092 0.349 

3-6 km 1655367 4526 1.008 0.322 

6-9 km 610036 1129 0.682 0.218 

9-12 km 89081 84 0.348 0.111 

>12 km 702 0 1.092 0.349 

Elevation 

< 500 m 489508 88 0.066 0.017 

500-1000 m 1133185 6013 1.953 0.291  

1000-1500 m  1595136 5024 1.159 0.291 

1500-2000 m 1148645 2151 0.689 0.173 

> 2000 m 585335 179 0.113 0.028 

Drainage Euclidian Distance 

< 250 m 2165236 6795 1.174 0.281 

250-500 m 1598154 4089 0.957 0.229 

500-750 m 931472 2081 0.836 0.200 

750-1000 m 319620 466 0.545 0.130 

> 1000 m 26326 47 0.668 0.160 

Road Euclidian Distance 

< 100 m 232597 2462 3.914 0.448 

100-200 m 193071 883 1.691 0.194 

200-350 m 255120 774 1.122 0.128 

350-500 m 230526 763 1.224 0.140 

> 500 m 4063798 8574 0.780 0.089 

Slope Aspect 

Flat 781 0 0 0 

N 588066 971 0.617 0.079 

NE 602808 1468 0.910 0.116 
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E 540434 1439 0.995 0.127 

SE 601157 2269 1.410 0.180 

S 711447 3120 1.639 0.209 

SW 749950 2457 1.224 0.156 

W 638440 1175 0.688 0.088 

NW 602780 578 0.358 0.046 

 After calculating the LRF values of each thematic class, the maximum and the 

minimum LRF values of a particular causative parameter are obtained. Then Ri is calculated 

using Eq. 4.5. Table 4.6 shows the calculated Normalized Ri value of each causative parameter. 

Table 4.6: Calculation of Normalized Predictor Rating of Causative Parameters 

Parameter LRFmax LRFmin LRFmax - LRFmin Ri Normalized Ri 

Slope 0.450 0.020 0.430 3.308 0.21 

Fault Euclidian Distance 0.440 0.080 0.360 2.769 0.17 

Road Euclidian Distance 0.340 0.000 0.340 2.615 0.16 

Elevation 0.290 0.017 0.273 2.100 0.13 

Aspect 0.200 0.000 0.200 1.538 0.10 

Geological units 0.180 0.000 0.180 1.385 0.09 

Drainage Euclidian Distance 0.280 0.130 0.150 1.154 0.07 

LULC 0.210 0.080 0.130 1.000 0.06 

 The calculated Normalized Ri values indicate the relative importance of various 

causative parameters for the testing area. Slope angle parameter is expectedly recognized as the 

highest contributor of landslide susceptibility with a normalized Ri value of 0.21. For fault 

Euclidian distance data layer, the value of normalized Ri is computed as 0.17, which means it 

has an contribution of 17% to landslide susceptibility. This statistically demonstrates the impact 

of tectonic features on landslide activities in this particular area. The testing area has a high 

density of road networks, and therefore, their contribution is estimated as a high 16%. 

However, there exist some ambiguity in the presented results, especially for the geological 

units and drainage Euclidian data layers. The importance of lithology in landslide susceptibility 

is universally recognized and it is considered as a main causative parameter. Similarly, for the 

Himalayan belt, drainage density is considered as a very important causative parameter. The 

explanation for lower values of Ri for these two parameters lie in the even distribution of 

observed landslides over all the thematic classes of these two data layers. Hence the LRF 
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method could not portray their effects efficiently, which may be considered as a kernel 

disadvantage of the method.  

   It is to be noted here that these calculated values of Ri imply the relative importance of 

various parameters for testing area only, corresponding to the particular dataset used. For 

different terrain conditions, the relative importance will invariably vary from the calculated 

values. As with the case of any statistical technique of LSZ mapping, the accuracy of these 

results are region specific and data dependent.   

4.6 Summary  

 This chapter includes the results of a statistical approach of landslide susceptibility 

zonation (LSZ) mapping for the study area. The prepared LSZ map has categorized the study 

area into five distinct zones of landslide susceptibility viz. very low, low, moderate, high and 

very high. The zone of very high and high landslide susceptibility comprises 37% part of the 

total study area and covers almost 76% of the total observed landslides. The analysis of the 

success rate curve predicts an overall success rate of 79.7% for the LSZ map produced. It also 

shows the current landslide susceptibility level for various important cities of Uttarakhand and 

Himachal Pradesh states of India.  

 In the study area, it is observed that approximately 57% of the existing landslides 

occurs at a distance of less than 3 km from tectonic features, out of which 28% landslide 

activities take place within a distance of 1 km from tectonic features. The occurrence of 

observed landslides decreases to 24% and 11% respectively as the distance from faults 

increases to 6 km and 9 km. For fault distance greater than 12 km, this percentage reduces to a 

negligible 2%, implying that the effect of fault distance practically gets nullified at a distance of 

more than 12 km. The results of the study quantify a strong inverse relationship between 

landslide distribution and fault distance in lower Himalayan arc which is presented in the form 

of an equation. The equation will be useful for other micro/mesoscale city specific landslide 

studies in the Himalayan region, where it is difficult to create a relevant dataset correlating fault 

distance and landslide distribution. 

 The chapter also incorporates a statistical analysis to assess the relative importance of 

various landslide causative parameters for a part of the study area. It is observed that slope 

angle is the most influencing landslide causative parameter in the study area. Distance from 

major tectonic features is observed to be another important parameter in the study area. The 

results of this chapter will be further used to develop a LSZ scale for the study area for multi-

hazard integration. 
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Chapter 5 

DEVELOPMENT OF LANDSLIDE  

SUSCEPTIBILITY ZONATION (LSZ) SCALE 

5.1 Preamble 

 The present research work aims to understand the impact of earthquakes in landslide 

occurrence and distribution for a part of lower Himalayan belt. For this purpose, eight landslide 

causative parameters have been identified for the study area and seismicity is considered as a 

landslide triggering factor. A landslide susceptibility zonation map of the study area has been 

prepared (Fig. 4.1 in chapter 4) to assess the current susceptibility scenario for the study area. It 

is observed that under static landslide causative factors, around 37% of the total study area falls 

under high (HS) and very high (VHS) susceptibility zones. In the next phase, seismicity has 

been incorporated in landslide hazard zonation (LHZ) mapping. This chapter includes 

discussion on the challenges of LHZ mapping under seismic conditions, development of a LHZ 

scale for multi hazard integration and performance evaluation of different LHZ mapping 

techniques. 

5.2 LHZ Mapping under Seismic Conditions: Challenges 

 There have been several earthquakes in the Himalayan region (Pareek et al, 2012; 

Prakash, 2013; Collins and Jibson, 2015) viz. Chamoli earthquake (29 March 1999, Mw-6.8), 

Kashmir earthquake (8 October 2005, Mw-7.6), Sikkim earthquake (18 September 2011, Mw-

6.9), Nepal earthquake (25 April 2015, Mw-7.8), which caused widespread landslide events. In 

fact, in many cases, losses due to seismically induced landslides have been more than those 

caused directly due to shaking (Bird and Bommer, 2004). Marano et al. (2010) reported that out 

of the all earthquake related casualties, which are not caused directly by ground shaking, 

approximately 70% may be attributed to landslides. Impacts of seismically induced landslides 

are of long term nature, which manifest their damage intensity in terms of indirect socio-

economic losses (Marui and Nadim, 2009; Tang et al., 2016; Korup, 2006). In this context, 

Landslide Hazard Zonation (LHZ) mapping for the Himalayan region under seismic condition 

becomes very important considering its active seismicity and the volume of landslide 

incidences. The works of many researchers have highlighted the significance of establishing a 

relationship between Himalayan seismicity and landslide hazard for this region. Yet, only a 

small amount of studies have included seismicity in LHZ mapping for the Himalaya (Champati 

ray et al., 2007; Pareek et al., 2010, 2012; Bhattacharya et al., 2013; Chakravorty et al., 2015). 
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 The main challenge in preparing earthquake induced LHZ map is the selection and 

applicability of a well-recognized method. Although, various methods (Kanungo et al., 2009) 

are available for assessing the landslide susceptibility of a region, it is difficult to figure out a 

better suited method for earthquake induced LHZ mapping. Different statistical methods, which 

are widely used for landslide susceptibility assessment, generally lack in incorporating seismic 

indicators (Tanyas et al., 2017). This may be attributed to the paucity of sufficient earthquake 

induced landslide inventories, which is further ascribed to the rarity of an extreme earthquake 

event. Moreover, the conventional studies correlating earthquake magnitude and landslide 

distribution, types and coverage area (Keefer, 1984; Rodriguez et al., 1999; Papadopoulos and 

Plessa, 2000) drew criticism from researchers due to limitations of the dataset used (Hancox et 

al., 2002) and the regional and characteristic biasness associated with earthquake events (Jibson 

and Harp, 2012; Gorum et al., 2014). Such scenarios become exaggerated for the Himalayan 

region, where not until recently, much attention have been paid to seismically induced landslide 

hazard zonation. As observed by Pareek et al. (2012), most of the landslide susceptibility 

studies carried out for the Himalayan belt (Anbalagan 1992; Sarkar et al. 1995; Arora et al. 

2004; Saha et al. 2005; Kanungo et al. 2009; Pain et al. 2014; Kumar and Anbalagan, 2015) 

considered static landslide causative factors only. Moreover, the few studies that did consider 

earthquake scenarios, are concentrated around the Chamoli earthquake (Pachauri, 2001; 

Pareeket al., 2010, Sangeeta and Maheswari, 2018); Sikkim earthquake (Chakravorty et al., 

2011) and Nepal earthquake (Collins and Jibson, 2015). All these earthquakes, in-spite-of 

having originated in the Himalaya only, differ significantly from one another in terms of their 

characteristics (amplitude, frequency content and duration). Thus, it is understood that any 

statistical method derived from earthquake induced landslide inventory developed for a 

particular earthquake event may not be adequate enough for a different tectonic set up. These 

points rather indicate the challenges in seismically induced LHZ studies precisely. 

5.2.1 LHZ Mapping under Seismic Conditions: An Alternative Approach 

 As discussed in the previous section, there are two main issues in carrying out 

seismically induced LHZ mapping: (i) selection of an appropriate hazard zonation technique 

and (ii) selection of earthquake ground motion for which the regional and characteristic 

biasness should be eliminated. To address both these issues, an alternative approach has been 

adopted in this research work. 

 The selection of any statistical LHZ technique is governed by the availability of 

relevant dataset and its quality. Since there has not been any major earthquakes reported for the 

lower Himalaya in recent past, it is very difficult to prepare an earthquake induced landslide 
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inventory targeting the study area exclusively. Therefore, Map combination method, a 

qualitative approach, has been selected as the suitable LHZ mapping technique for the study 

area. Map combination method (Soeters and ven Westen, 1996) is a simple and straight forward 

method, where different landslide causative parameters are incorporated as thematic layers. 

Then the thematic layers are assigned a weightage based on their perceived influence on 

landslide occurrence. Generally, the weightage of landslide causative parameters are decided 

by the investigator based on previous terrain knowledge. Hence, there is subjectivity in weight 

assignment process, which is the biggest limitation of this method. By adopting this approach, 

seismicity can be added as a thematic layer, which will be assigned an appropriate weightage. 

Details discussion on the weightage assignment procedure is presented in the subsequent 

sections. 

 The other challenge is the selection of earthquake scenarios for LHZ studies. It is 

extremely difficult to adopt any particular process for the selection of earthquake scenarios. 

Consideration of recorded past seismicity will invariably incorporate its characteristic biasness 

and the prepared landslide inventory will be applicable to that particular region only. Also, 

there are different attributes through which an earthquake can be described. The fundamental 

attributes are the amplitude, frequency content and duration of an earthquake. Selection of a 

particular attribute to represent a strong ground motion is another important criterion. 

Considering all these aspect, the present research work have selected Peak Ground 

Acceleration (PGA) parameters generated through Probabilistic Seismic Hazard Assessment 

(PSHA) to describe the seismicity parameter to be considered for LHZ mapping. Elaborate 

discussions on the selection criteria are presented in chapter 6. The PGA parameters are 

incorporated as thematic data layers to generate seismically induced LHZ maps of the study 

area. 

5.3 Methodology  

 The steps involved in Map Combination method (Soeters and van Westen, 1997) are: 

collection of input data on various landslide causative factors, preparation of thematic data 

layers, assignment of weights to different thematic data layers, numerical integration of 

thematic data, and generation of LSZ map. The numerical integration of weights of different 

thematic layers in a GIS environment will produce a numerical value know as Landslide 

Potential Index (LPI) for each pixel. The term LPI is used instead of LSI/LHI (Landslide 

Susceptibility/Hazard Index) to allow scope for both susceptibility and hazard. LPI (Sarkar and 

Kanungo, 2004) indicates the likelihood of landslide occurrence based on the prevailing 
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causative factors in an area. Higher value of LPI indicates greater susceptibility to landslide 

hazard and vice-versa. Mathematically, it may be defined as, 

𝐿𝑃𝐼 = ∑ ∑ 𝑅𝑖
𝑚
𝑗=1

𝑛
𝑖=1 × 𝑊𝑖,𝑗         (5.1) 

Where, Ri and Wij denote the rank of ith data layer of landslide causative factor and weight of jth 

thematic class of ith layer respectively. 

 As discussed in the previous section, assignment of ranks and weights to different data 

layers and their thematic classes is a subjective procedure. It varies from one investigator to 

another. While the ranks (Ri) are assigned to indicate the relative importance of a particular 

parameter within the selected set of causative parameters, the weights (Wi,j) are assigned based 

on the perceived degree of susceptibility of a particular thematic class within a causative data 

layer. The perceived susceptibility implies correlation between a particular thematic class and 

landslide activities within a data layer. This correlation can be obtained by different statistical 

analyses available for LSZ mapping, which will in turn denote the degree of susceptibility for 

different  thematic classes objectively. Based on this, a methodology has been developed for 

the study area, where the perceived degree of susceptibility of various thematic classes of 

different landslide causative factors are determined statistically; which is then used to assign 

the corresponding weight (Wi,j). Moreover, to further reduce any ambiguity of statistical data, 

more than one statistical analyses were performed and concurrency have been checked. Based 

on the concurrency, linguistic variables of perceived susceptibility level (very low to very high) 

are decided which are used to finalize the value of Wi,j for thematic classes. In this research 

work, three statistical methods viz. InfoVal, FR and Fuzzy Cosine Amplitude (rij) have been 

used. The methodology for InfoVal and FR have already been discussed in Chapter 4 (section 

4.2 and 4.3.1). Here, methodology for Fuzzy Cosine Amplitude is discussed. 

  Fuzzy Cosine Amplitude (Kanungo et al., 2006; Peethambaran et al., 2019) is a 

similarity method, where pair-wise comparisons are made between member functions (data 

layers of landslide distribution and causative parameters). The strength of the relationship is 

denoted by Fuzzy ratings (rij). The value of rij lies from 0 to 1. Value of rij close to 1 denotes a 

strong relationship, whereas value close to 0 gives weak relation. rij is calculated as the ratio of 

total number of landslide pixels in the category to the square root of the multiplication of total 

number of pixels in that category and the total number of landslide pixels in the area (Kanungo, 

2006).  

Let n be the number of categories of a thematic layer represented as an array X = {x1, x2, …,xn}, 

each of its element, xi, is a vector of pixel p (image size) and can be represented as 
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xi = {xi1, xi2, …, xip}          (5.2) 

 If, xi and xj respectively represent the thematic class of a landslide causative parameter 

layer containing element xik ; and landslide distribution layer containing element xjk, then, 

strength of relation (membership grade) is defined using Fuzzy Rating (rij) between xik and xjk 

as 

𝑟𝑖𝑗 =
|∑ 𝑥𝑖𝑘𝑥𝑗𝑘

𝑝
𝑘=1 |

√(∑ 𝑥𝑖𝑘
2𝑝

𝑘=1 )(∑ 𝑥𝑗𝑘
2𝑝

𝑘=1 )
         (5.3)  

 It is to be noted here that all statistical methods i.e. InfoVal, FR and Fuzzy cosine 

amplitudes are fundamentally different from one another in their nature, description and 

treatment of data. However, the main objective of all these methods remains the same, which is 

establishing a correlation between landslide activity and a particular thematic class. Therefore, 

concurrency of the results of these statistical analyses will be a good parameter to determine the 

linguistic variable of perceived susceptibility, based on which final weights are assigned. 

 Determination of Ranks (Ri) of different causative parameters is a more difficult task as 

there are not many statistical methods available for this purpose. One of the statistical methods 

on hand is Landslide Relative Frequency (LRF) analysis, but it has some major limitations as 

discussed in chapter 4 (section 4.5). So a semi-qualitative method: Analytical Hierarchy 

Process (AHP) has been used in this research work to assign the ranks (Ri) of various landslide 

causative parameters. AHP has been used in LSZ mapping to avoid inconsistency of the 

weightage assignment process (Long and De Smedt, 2012; Kayastha et al., 2013; Papadakis 

and Karimalis; 2017). The consistency of the decision matrix (Saaty, 2000) is examined using 

Consistency Ratio (CR), which is defined as the ratio of Consistency Index (CI) and Random 

Consistency Index (RI). Mathematically, CI is defined as 

𝐶𝐼 =
𝜆𝑚𝑎𝑥−𝑁

𝑁−1
           (5.4) 

𝐶𝑅 = 𝐶𝐼/𝑅𝐼           (5.5) 

Where, 𝜆𝑚𝑎𝑥 is the largest Normalized Principle Eigen Vector and N is order of the decision 

matrix. The value of RI is predefined for different values of N (Table 5.1). If CR ≤ 10%, the 

decisions made (i.e. the ranks assigned) are consistent. If not, the process should be repeated. 

Table 5.1: Random Consistency Index (Saaty, 1980, 2000) 

N 

(order of the 

matrix) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.53 1.56 1.57 1.59 
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 Once, the rank and weights of various landslide causative parameters are finalized, they 

form an integrated landslide susceptibility scale for the study area. The final rank and weights 

are added to the thematic data layers, which are then arithmetically overlaid in GIS 

environment to prepare a Landslide Potential Index (LPI) map. The LPI map is used to generate 

LSZ map of the study area. This LSZ map is compared to LSZ maps produced using (i) InfoVal 

method and (ii) Fuzzy operators to assess its performance. Ensuring a satisfactory performance 

assessment, this LSZ map will be used for multi hazard integration to generate seismically 

induced LHZ map for the study area. A schematic diagram of the working principle is shown in 

Fig. 5.1 below. 

 

Fig. 5.1: Schematic Diagram for Development of Integrated LSZ Scale 

5.4 Development of an Integrated LSZ Scale for the Study Area 

5.4.1 Assignment of Weights (Wi,j) 

 Table 5.2 shows InfoVal, FR, Fuzzy ratings (ri,j), perceived susceptibility levels and 

final weights (Wi,j) of different thematic classes. 
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Table 5.2: Assignment of Weights to different Thematic Classes 

Parameter InfoVal FR rij 
Perceived Susceptibility Level 

(Linguistic Variables) 
Wij 

Slope Angle 

<150 -0.710 0.195 0.005 Very Low (VL) 1 

150-250 -0.132 0.740 0.017 Low (L) 3 

250-350 0.183 1.526 0.032 Moderate (M) 5 

350-450 0.453 2.841 0.041 High (H) 7 

>450 0.789 6.154 0.034 Very High (VH) 9 

Geological Units 

Krol, Infrakrol & Blaini 

Formation 
0.363 2.322 0.036 VH 9 

Subathu Fm of W. 

Himalaya 
0.303 1.973 0.013 H-VH 8 

Manjir Fm of W. Himalaya 0.275 1.698 0.006 H-VH 8 

Subathu Fm. of W. 

Himalaya 
0.180 1.477 0.009 H 7 

Jaunsar Gp of W. Himalaya 0.155 1.440 0.031 H 7 

Tal Fm of W. Himalaya 0.101 1.250 0.010 H 7 

Simla Gp 0.098 1.248 0.011 H 7 

Almora Crystalline Fm of 

W. Himalaya 
0.059 1.050 0.007 M 5 

Dagshai and Kausauli Fm 

of W. Himalayas 
-0.067 0.853 0.008 H 7 

Jutogh Gp of W. Himalaya -0.203 0.623 0.005 M 5 

Middle Siwalik Gp -0.372 0.425 0.005 L 3 

Lower Siwalik Gp -0.483 0.332 0.004 L-VL 2 

Amri Tectonic unit -0.489 0.318 0.002 VL 1 

Deoban Gp of W. India -0.503 0.294 0.001 VL 1 

Dharagarh Fm of  W. India -2.274 0.000 0.000 --- --- 

Igneous intrusion -4.342 0.000 0.000 --- --- 

Fault Euclidian Distance 
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0-3 km 0.025 1.061 0.034 VH 9 

3-6 km -0.004 0.992 0.024 H 7 

6-9 km -0.055 0.883 0.013 M 5 

9-12 km -0.143 0.721 0.007 L 3 

>12 km -0.175 0.669 0.004 VL 1 

Elevation 

< 500 m 0.025 0.199 0.004 L 3 

500-1000 m -0.004 1.496 0.038 VH 9 

1000-1500 m  -0.055 1.339 0.030 H 7 

1500-2000 m -0.143 0.690 0.012 M 5 

> 2000 m -0.175 0.151 0.002 VL 1 

Drainage Euclidian Distance 

< 250 m 0.057 1.140 0.033 VH 9 

250-500 m -0.032 0.929 0.023 H 7 

500-750 m -0.030 0.934 0.017 M 5 

750-1000 m -0.119 0.761 0.008 L 3 

> 1000 m -0.561 0.275 0.002 VL 1 

Road Euclidian Distance 

< 100 m 0.181 2.500 0.026 VH 9 

100-200 m 0.162 1.371 0.014 H 7 

200-350 m 0.094 1.171 0.013 M 5 

350-500 m 0.041 1.037 0.012 L 3 

> 500 m -0.044 0.852 0.033 VL 1 

LULC Pattern 

Sparsely Vegetated 0.067 1.167 0.039 H 7 

Deciduous Forest -0.208 0.620 0.010 L 3 

Evergreen Forest -0.025 0.943 0.015 M 5 

Shrub Land -0.142 0.721 0.013 M 3 

Built-up -0.234 0.584 0.003 VL 1 

Barren Land 1.019 2.305 0.016 VH 9 

Water Body -0.693 0.203 0.001 VL 1 
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 Table 5.3 shows the assigned weights of various thematic classes. The weight values are 

distributed on a scale of 1 to 9. Five discrete values of 1, 3, 5, 7 and 9 are used to denote VL, L, 

M, H and VH levels of perceived susceptibility. Also, intermediate values like 8 and 2 are used 

to denote H-VH and L-VL susceptibility levels where deemed necessary. As discussed earlier, 

the weights are allocated based on perceived susceptibility level, which has been decided based 

on the concurrency of the results of three statistical analyses. For example, in slope angle data 

layer, strongest correlation has been observed for the thematic class of [350 - 450] when Fuzzy 

cosine amplitude method was used. However, both InfoVal and FR methods show that this 

correlation is stronger for slope angles greater than 450. Since the results of two out of three 

analyses concur, it is considered for deciding the perceived susceptibility levels. Therefore, it is 

assumed that in the study area, slopes greater than 450 are highest susceptible to landslides and 

so weight of 9 is assigned to that thematic class. For most thematic classes, results of all the 

analyses concur as expected. 

5.4.2 Assignment of Ranks (Ri) 

 Assignment of ranks to different causative data layer is a difficult task. It requires a 

thorough knowledge of the terrain. For this study area, it is observed that parameters slope 

angle and geological units have the most prominent effect on landslide activities. Similarly, the 

distance from the faults is considered to be a major landslide causative factor due to the 

presence of three major thrusting system viz. MCT, MBT and MFT and numerous transverse 

lineaments in the study area. The influence of drainage density and ground elevation on 

landslide distribution has also been observed to be prominent. Although road construction 

seems to be a major landslide causative factor in this area, owing to a sporadically distributed 

road network, its effect has been limited to only a fraction of the study area. LULC patterns and 

Slope Aspect 

Flat 0 0 0 --- --- 

N 1.612  0.567 0.010 L 2 

NE 1.718  0.746 0.012 L 2 

E 1.960  1.477 0.023 M 5 

SE 1.509  0.502 0.008 L 2 

S 1.526  0.555 0.009 L 2 

SW 1.716  0.892 0.014 L 2 

W 1.956  1.543 0.023 M 5 

NW 2.042  1.984 0.029 M 5 



Chapter 5  Development of LSZ Scale 

74 
 

slope aspect are observed to have low control on landslide susceptibility. Based on these 

observations, the following ranks (Ri) have been assigned to different landslide causative 

factors: 

Table 5.3: Assignment of ranks (Ri) to landslide causative factors 

Sl. No. Landslide Causative Factor Perceived Susceptibility Level Rank (Ri) 

1 Slope Angle VH 9 

2 Geological Units VH 8 

3 Fault Euclidian Distance H 7 

4 Elevation M-H 6 

5 Drainage Euclidian Distance M-H 6 

6 Road Euclidian Distance M 5 

7 LULC L 3 

8 Slope Aspect VL 2 

The consistency of this decision is checked using AHP. Table 5.4 shows the decision matrix 

formed. 

Table 5.4: Decision Matrix to evaluate consistency of assignment of Ri 

Parameters 1 2 3 4 5 6 7 8 
Principle Eigen 

Vector 

1. Slope Angle 1        0.323 

2. Geological Units  1/2 1       0.221 

3. Fault Euclidian Distance  1/3 1/2 1      0.146 

4. Elevation  1/4 1/3 1/2 1     0.088 

5. Drainage Euclidian Distance  1/4 1/3 1/2 1 1    0.088 

6. Road Euclidian Distance  1/5 1/4 1/3 1/2 1/2 1   0.067 

7. LULC  1/6 1/5 1/4 1/3 1/3 1/2 1  0.039 

8. Slope Aspect  1/7 1/6 1/5 1/4 1/4 1/3 1/2 1 0.027 

For the above decision matrix, 28 pair-wise comparisons are made. Solution of the decision 

matrix yields the following parameters: 

Largest Principle Eigen Value, max = 8.276  Consistency Index, CI = 0.0394 

Random Consistency Index, RI = 1.41 for N = 8 Consistency Ratio, CR = 0.028 (2.8%) 

Since CR < 10%, the decisions made (i.e. ranks assigned) are consistent.  

 



Chapter 5  Development of LSZ Scale 

75 
 

5.4.3 Generation of LSZ Map using Map Combination Method 

 After finalization of ranks (Ri) and weights (Wi,j) of data layers and thematic classes, the 

next step is to prepare a Landslide Susceptibility Zonation (LSZ) map using map combination 

method. The final ranks and weights are then numerically integrated using Eq. 5.1 in Arc-GIS 

10.6 to generate the LPI map of the study area. The LPI values are segregated using 'natural 

breaks' to categorize the LPI map into five classes of landslide susceptibility. The prepared LSZ 

map is shown in Fig. 5.2 below. To assess the performance of this prepared LSZ map, it is 

compared with the LSZ map produced using (i) InfoVal method (Chapter 4) and (ii) Fuzzy 

operators. Preparation of LSZ map using InfoVal method has already been discussed in chapter 

4. Generation of  LSZ map using Fuzzy operators will be discussed in the next section.  

 

Fig 5.2: Landslide Susceptibility Zonation Map of the Study Area using Map Combination 

Method 
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5.5 Generation of LSZ Map using Fuzzy Operators 

 Fuzzy set theory based LSZ mapping is a statistical approach, where the weights of 

thematic classes are determined using Fuzzy cosine amplitude method (section 5.3). The 

weights are generated in the form of Fuzzy ratings (ri,j) as given by Eq. 5.3. To incorporate 

Fuzzyness in LSZ mapping, different Fuzzy operators have been used (Kanungo et al., 2006; 

Peethambaran et al., 2019).  Use of Fuzzy operators is an alternative to widely used arithmetic 

overlay approach, although it does not guarantee a more successful map (Kanungo et al. 2006). 

In this research work, three Fuzzy operators Fuzzy AND, Fuzzy OR and Fuzzy Gamma have 

been used. Fuzzy Gamma operator could also be used as Fuzzy SUM and Fuzzy PRODUCT 

operators by substituting the value of Gamma to 1 and 0 respectively. 

 If X is the universe of discourse and elements of X  are denoted by x, then a fuzzy 

set A in X can be defined as a set of ordered pairs. 

𝐴 = {𝑥, 𝜇𝐴(𝑥)|𝑥 ∈ 𝑋}          (5.6) 

Where, μA(x) is the membership value of x in A, in the range [0, 1] with 0 representing non-

membership and 1 representing the full membership. This membership value has been 

calculated as Fuzzy ratings (ri,j) in this study.  

 Let 𝜇𝑖(𝑥), [𝑖 = 1,2, … , 𝑛 ] be the membership value of the fuzzy system 

having n variables, the combination of maps for a fuzzy set using different fuzzy operators can 

be written as: 

Fuzzy AND 

𝜇𝐴𝑁𝐷(𝑥) = MIN [𝜇1(𝑥), 𝜇2(𝑥), … , 𝜇𝑛(𝑥)]       (5.7) 

Fuzzy OR 

𝜇𝑂𝑅(𝑥) = MAX [𝜇1(𝑥), 𝜇2(𝑥), … , 𝜇𝑛(𝑥)]       (5.8) 

Fuzzy GAMMA 

𝜇𝛾(𝑥) = [𝜇𝑆𝑈𝑀(𝑥)]𝛾 × [𝜇𝑃𝑅𝑂𝐷𝑈𝐶𝑇(𝑥)]1−𝛾       (5.9) 

Fuzzy SUM 

𝜇𝑆𝑈𝑀(𝑥) = 1 − ∏ (1 − 𝜇𝑖(𝑥))𝑛
𝑖=1                   (5.10) 

Fuzzy PRODUCT 

𝜇𝑃𝑅𝑂𝐷𝑈𝐶𝑇(𝑥) = ∏ 1𝜇𝑖(𝑥)𝑛
𝑖=1                    (5.11) 
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 When the AND and OR operators used, only one membership value contribute to the 

result. LSZ maps using Fuzzy AND and OR operators are shown in Fig 5.3 and 5.4 

respectively.  

  

Fig. 5.3: LSZ map using Fuzzy AND Operator Fig. 5.4: LSZ map using Fuzzy OR Operator 

 As can be observed from Fig 5.3 and 5.4, none of the Fuzzy operators AND/OR can 

portray the realistic scenario of current susceptibility levels for the study area. The LSZ map 

prepared using Fuzzy AND operator tends to underestimate the actual susceptibility level (most 

of the study area falls under low and very low susceptibility zones). On the other hand, the LSZ 

map prepared using Fuzzy OR operator tends to overestimate the actual susceptibility level 

(most of the study area falls under high and very high susceptibility zones). 

 The SUM operator make resultant fuzzy set larger than, or equal to the maximum value. 

On the other hand, the PRODUCT operator make resultant fuzzy set smaller than, or equal to 

the minimum value. This implies that the LSZ map prepared using SUM operator will be more 

or less similar to LSZ map prepared using OR operator; and the LSZ map prepared using 

PRODUCT operator will be more or less similar to LSZ map prepared using AND operator. 

Therefore, their results have been discarded. 

 The resultant set integrated with the Gamma operator has the value between that of Sum 

and Product operators. The value of Gamma is closely associated with the degree of 

compensation between the extreme confidence levels (Peethambaram et al., 2019).  Kanungo et 

al. (2006) suggested that the optimal value of Gamma operator should be decided on the basis 

of trail and exigency.  A range of Gamma values from 0.6 to 1.30 have been selected in this 
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research work, for which LSZ maps are prepared. The prepared maps are then compared in 

terms of their success rate curves (section 4.3.1). Generally, a Gamma value in the range of 

[0.9-1.0] has been observed to yield the best results. For the study area, Gamma value equals to 

0.95 produces the best LSZ map. The prepared LSZ map is shown in Fig. 5.5 below. The 

prepared LSZ map seems to depict a reasonable scenario of the current susceptibility level for 

the study area. 

 

Fig. 5.5: LSZ map of the Study Area using Fuzzy Gamma Operator (=0.95)  

5.6 Performance Assessment of LSZ maps 

 The prepared LSZ maps using InfoVal (Fig. 4.2), Map Combination (Fig. 5.2) and 

Fuzzy Gamma operator (Fig 5.5) are compared statistically to assess the performance of the 

Landslide Susceptibility Scale for the study area. The performance of the LSZ maps are 

assessed based on two parameters: (i) Area under ROC curve and (ii) FR of the susceptibility 

zones. The first parameter i.e. Area under ROC (Receiver Operating Characteristic) curve 
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(AUC) is used to assess the quality of pre-categorized images (Fig. 5.6). AUC is a measure of 

the success of the predictive model. Receiver Operating Characteristic (ROC) Curve is a 

graphical plot that illustrates the diagnostic ability of a binary classifier system as its 

discrimination threshold is varied. It is created by plotting the true positive rate (TPR) against 

the false positive rate (FPR) at various threshold settings. ROC analysis provides tools to select 

possibly optimal models and to discard suboptimal ones. The second parameter i.e. FR of the 

Susceptibility zones is computed for the categorized LSZ maps, where natural break is used to 

categorize each map into five distinct zones of landslide susceptibility (Fig. 5.7).  

 

Fig. 5.6: ROC for Prepared LSZ Maps 

 

Fig 5.7: FR of Landslide Susceptibility Zones for Prepared LSZ Maps 
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 Analysis of the ROC curves reveals that pre-categorized LSZ map prepared with the 

developed susceptibility scale (shown by the green line in Fig. 5.6 and denoted by AHP for 

demarcation) yields the highest AUC compared with other maps. Considering AUC as a direct 

measure of the success rate for that predictive model, it is assumed that the pre-categorized 

LSZ map using the developed landslide susceptibility scale is almost 77.5% accurate. This 

accuracy will be further improved upon appropriate segmentation of LPI values. 

 FR analysis of the landslide susceptibility zones is a statistical validation of LSZ maps 

(section 4.3.1). It is also used as an comparative parameter to assess the performance of LSZ 

maps prepared using different techniques. It is reported that the map, for which highest FR 

value is obtained for the zone of Very High Susceptibility (VH), yields the best result 

(Kanungo et al., 2006; Pareek et al., 2010, Peethambaran et al., 2019).  It is observed that the 

categorized LSZ map prepared with the developed susceptibility scale (shown by the green 

column in Fig. 5.7 and denoted by AHP for demarcation) yields the highest FR value for VH 

susceptibility zone as compared with other maps.  

 Thus it can be inferred that the LSZ map prepared with the developed susceptibility 

scale, could portray a realistic scenario of the current level of landslide susceptibility 

efficiently. Also, the LSZ map prepared with the developed susceptibility scale has been 

assessed to perform better than two statistical approaches.     

5.7 Segmentation of LPI Values: A Statistical Approach 

  In conventional LSZ studies, demarcation of different susceptibility class boundaries 

are done by segmenting the LPI values subjectively. One of the popular way of segmenting the 

LPI values is to apply 'natural breaks' to somewhat reduce the subjectivity. However, as the 

present research work envisages to quantify the impact of earthquake scenarios in landslide 

hazard, it is important to quantitatively fix the class boundaries of the final LSZ map prepared 

under static parameters. This necessitates a robust classification scheme of LPI values to 

demarcate different susceptibility class boundaries. For this purpose, probabilistic approach of 

LPI segmentation (Saha et al., 2005) has been adopted in this study.  

 This approach provides with a mathematical framework for segmenting the LPI values 

based on their probability distribution pattern. The LPI value of the LSZ map (Fig. 5.2) ranges 

from 80 to 336. The probability distribution of LPI value classes are shown in Fig. 5.8, which 

shows that the probability distribution follows normal distribution with zero skewness. For this 

distribution, the observed mean () and observed standard error () are computed to be 

206.53 and 34.22 respectively. Based on this distribution pattern, class boundaries are fixed at 
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(m m m and mwhere m is a positive non-zero 

value. The value of m is determined by the process of trial and exigency (Saha et al., 2005).  

 

Fig. 5.8: Probability Distribution of LPI Class 

With this probabilistic framework of LPI segmentation, the prepared LSZ map (Fig. 5.2) has 

been categorized several times for m = (0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3) and the corresponding 

success rate curves are prepared (Fig. 5.9). Saha et al. (2005) suggested that success of any LSZ 

operation can be judged by the measure that more number of landslides should fall in the very 

high LSZ as compared to other zones. Assuming that the first 10% of the success rate curve 

show the VHS zone, the value of m is fixed in such a way that it yields the highest success rate 

for the first 10% LSZ area. For the prepared LSZ map (Fig. 5.2), the highest success rate for the 

first 10% LSZ area has been observed for m = 0.8. Therefore, for the prepared LSZ map, value 

of m is decided as 0.8, for which class boundaries are fixed. Table 5.5 shows the segmentation 

of LPI values and the class boundaries for the LSZ map prepared using the developed landslide 

susceptibility scale.  

Table 5.5: Segmentation of LPI Values 

LSZ Class LPI Boundary Percentage of Total Area Percentage of Observed Landslide 

Very Low 80-165 17 2 

Low 165-193 25 7 

Moderate 193-220 28 20 

High 220-248 23 32 

Very High 248-336 7 38 

0

0.02

0.04

0.06

0.08

0.1

0.12

1 3 5 7 9 11 13 15 17 19 21 23 25

P
ro

b
a

b
il

it
y

LPI Classes



Chapter 5  Development of LSZ Scale 

82 
 

 

  

  

  

 

Fig. 5.9: Success Rate Curves of the LSZ Map for Different 'm' Values  
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 Analysis of the success rate curve corresponding to m = 0.8 reveals that area under the 

curve is 0.849. It implies that the final LSZ map of the study area, prepared with the developed 

landslide susceptibility scale has an accuracy of ~85%, which is a marked improvement of the 

LSZ map prepared using InfoVal method (79.7%). This prepared map (Fig. 5.2) will be 

denoted as LSZ_Static henceforth.  

 The prepared LSZ_Static is physically further validated through field surveys. 

Generally the presence of large landslides in very high and high susceptibility zones is 

indicative of the success of the predictive map. Fig. 5.10 (a, b) shows two enormous landslides 

identified in the very high susceptibility zones for the study area.    

  

Fig. 5.10 (a): Landslide Observed at 

30033.817’ N, 77051.081’ E  

Fig. 5.10 (b): Landslide Observed at 

30010.762’ N, 78035.375’ E 

5.8 Summary 

 This chapter includes discussion on seismically induced landslide hazard zonation, the 

importance of undertaking such studies and the challenges faced. It is understood that there are 

two main challenges in preparing seismically induced LHZ maps: (i) selection of an 

appropriate mapping technique and (ii) selection of scenario earthquakes to be used as an input 

parameter. This chapter address the first issue in details, where an alternative approach has 

been suggested. 

 A landslide susceptibility scale has been developed for the study area coalescing three 

 



Chapter 5  Development of LSZ Scale 

84 
 

statistical techniques of LSZ mapping. The developed scale is then applied to generate a LSZ 

map for the study area using Map combination method. The developed scale is devoid of 

subjectivity and hence can be used for other Himalayan regions as well. The performance of the 

LSZ_Static map, prepared with the developed landslide susceptibility scale is assessed by 

comparing it with LSZ maps produced using InfoVal and Fuzzy Operators. The performance of 

the LSZ_Static map is found to be satisfactory, and it yields the best results for the study area. 

Thus it is inferred that the developed landslide susceptibility scale can be used for multi hazard 

integration for the study area. 
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Chapter 6 

PROBABILISTIC SEISMIC HAZARD ASSESSMENT (PSHA) 

6.1 Preamble 

 The present research work aims to quantify the impact of earthquakes in landslide 

hazard analysis for a part of lower Himalayan belt. As discussed in the previous chapter, one of 

the key challenges is the selection of an appropriate earthquake motion, for which seismically 

induced landslide hazard zonation (LHZ) is carried out. In most of the seismically induced 

LHZ studies, the primary focus has been to associate earthquake magnitude and spatial 

distribution of landslides in an area. The methodology adopted for such studies incorporates 

mapping and analysis of earthquake induced landslide inventory prepared post major events to 

establish correlation between EQ characteristics and landslide distribution (Keefer, 1984; 

Jibson, 1993; Rodriguez et al., 1999; Pachauri et al., 2001; Yin et al., 2009; Pareek et al. 2010, 

2012; Xu et al., 2013; Tang et al., 2015; Roback et al. 2018). However, such studies have both 

conceptual and operational limitations owing to the regional and characteristic biasness (section 

5.2) associated with an earthquake event. It is understood that any statistical method, that 

considers a single earthquake event, may be applicable for seismically induced LHZ mapping 

in other regions. Also, selection of a particular attribute (amplitude/ frequency content/ 

duration/ response spectra/ PGA etc.) to describe an earthquake is another important criterion 

for carrying out seismically induced LHZ mapping. Amplitude, frequency content and duration 

are fundamental attributes of an earthquake event and therefore, any of these three parameter 

could be selected for post event inventory analysis. But as discussed earlier, this will invariably 

incorporate characteristic biasness of an earthquake motion.  

 In this context, Peak Ground Acceleration (PGA) parameter generated through 

Probabilistic Seismic Hazard Assessment (PSHA) is considered to describe the seismicity 

parameter in the present study. Use of PSHA to generate PGA parameter has far reaching 

implications and advantages. PSHA is a platform, where the probabilistic distribution functions 

of geometry of the source and size distribution are convolved with the rate of seismicity to 

predict future strong ground motion. This means the PGAs predicted are not generated from 

single events but are representatives of the expected deformations and stress releases in future 

in a finite time period. Consideration of this finite time for exceedance probabilities of strong 

ground motion would provide an opportunity to examine the probabilities in next finite time 

period. This essentially eliminates the characteristic biasness of a single event and allows scope 

for incorporating an entire range of earthquake sizes. The effects of an entire range of 

earthquake sizes helps in understanding the impact of earthquake motion on LHZ mapping in a 



Chapter 6  PSHA 

 

86 
 

holistic way. Moreover, use of PGA values generated through PSHA have enabled us to 

consider two major parameters: (i) seismotectonic environment (in terms of faults and 

lineaments) of a bigger area (R~300 km) which would likely to produce earthquakes in the 

study area, and (ii) recorded past earthquake events of a bigger area. The recorded past 

earthquake events are used to quantify the rate of seismicity in an area in PSHA method. 

Owing to the consideration of this recorded past seismicity, PSHA is assumed to have indicated 

efficiently the expected strength reduction of the rock mass due to repetitive dynamic forces as 

well. PGA parameter is also indicative of the expected force imparted by a particular 

earthquake size, and thus its use in seismically induced LHZ studies is well recognized (Nadim 

et al., 2006; Saygili and Rathje, 2009; Yin et al., 2009; Abou-Jaoude and Wartman, 2017). Use 

of probabilistic PGA parameter in seismically induced LHZ mapping has increased the 

applicability of the method. 

 This chapter includes discussions on the methodology of PSHA, compilation and 

treatment of earthquake catalogue, seismotectonic modeling, and estimation of seismic hazard 

parameter for the study area. A brief review of the present state of research on seismic hazard 

assessment in India has also been included in this chapter. 

6.2 Seismic Hazard Assessment in India: A Brief Review 

  India has been devastated by many damaging earthquakes in the past (Pande, 2000). 

The first seismic hazard studies carried out for the Indian peninsula dated back to 1898, post 

the great Shillong earthquake (June 12th, 1897; Mw 8.1) by Geological Survey of India (GSI). 

Since then, many researchers have contributed significantly in these field and considerable 

progress have been made. In the post-independence era, the first credible research work on the 

Himalayan seismicity was carried out by Tondon (1956) and Krishna (1959), followed by the 

micro-seismic intensity works of Guha (1962) and Gubin (1968). In the preceding decades, 

Bureau of Indian Standards, erstwhile Indian Standards Institution (ISI), published seismic 

hazard maps for India with six seismic zones in 1962 (ISI, 1962), seven zones in 1966 (ISI, 

1966), five zones in 1970, 1975 and 1984 (ISI, 1970, 1975, 1984), and with four zones in 2002 

and 2016 (BIS 2002, 2016),but none of those maps have been based on the frame work of 

either deterministic or probabilistic seismic hazard assessment. Presently, the country is divided 

into four seismic zones – Zones II with MSK intensity VI, Zone III with MSK intensity VII, 

Zone IV with MSK VIII and Zone V with MSK intensity IX or more. Each zone is associated 

with a seismic zoning factor which represents the expected PGA based on anticipated intensity 

of shaking. The zone factors (PGA) for Zone II, III, IV and V are 0.10g, 0.16g, 0.24g and 0.36g 

respectively.  
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 The initial PSHA studies in India focused on preparing maps for the entire country in 

terms of PGA for the return period of 100 years (Basu and Nigam, 1977; Kalia and Rao, 1979). 

Khattri et al. (1984) generated probabilistic seismic hazard zonation maps for India in terms of 

PGA for a return period of 475 years and characterized the seismicity of the country with the 

help of 24 broad seismic source zones.  They prepared the map for the entire country using a 

single site-to-source earthquake attenuation relationship and obtained a maximum hazard of 

0.7g for the Himalayas. Bhatia et al. (1999) provided zonation maps in terms of PGA for a 

return period of 475 years for the entire India considering 86 seismic sources, which were later 

included in Global Seismic Hazard Assessment Program (GHSAP). Sharma (2003) conducted 

extensive studies on seismic hazard for northern India, and followed it up for northeast India 

(Sharma and Malik, 2006). Das et al. (2006) estimated uniform hazard spectra for pseudo 

spectral velocity for Northeast India and observed that a single zone factor as given by BIS 

(2002) for entire northeast of India is not sufficient. Jaiswal and Sinha (2007) reported that 

seismic hazard in some parts of peninsular India is higher than that given by BIS, 2002.  

Mahajan et al. (2010) carried out PSHA for the north-western Himalayas. Joshi and Sharma 

(2011) estimated of probabilistic PGA and its uncertainty for Northern Indian Region. Kumar 

and Sharma (2011) estimated the conditional probabilities of occurrence of moderate 

earthquakes in India using non-Poissonian distributions. Sharma and Lindolhm (2012) assessed 

the current level of seismic hazard for Dehradun using characteristic earthquake recurrence 

model.  Nath and Thingbaijam (2012) conducted PSHA studies for entire India under Global 

Earthquake Model (GEM). The study indicated that the hazard distribution in the country is 

significantly higher than that specified previously by GSHAP and BIS, 2000. Patil et al. (2014) 

prepared PGA-based hazard maps for the 475-year and 2475-year return periods for the state of 

Himachal Pradesh and adjoining regions. Mridula et al. (2014) prepared the hazard maps for 

the region in the vicinity of Main Boundary Thrust (MBT) and Main Central Thrust (MCT) in 

the western Himalayas. Choudhury (2015) carried out seismic hazard assessment of Goa and 

reported maximum PGA of 0.15g in the state. Kolathayar et al (2015) included latest seismicity 

data and reported higher PGA values for north and northeast India than that of BIS, 2002. 

Choudhary and Sharma (2017) estimated the occurrence of large earthquakes in Himalayas 

region using Pareto Distribution. Choudhary and Sharma (2018) carried out the SHA for 

Himalaya region using constant moment rate and model.  

 National Disaster Management Authority, Government of India (NDMA, 2010) has also 

prepared seismic hazard maps for the entire country in terms of PGA and spectral acceleration 

(SA) at different natural periods for different return periods. This study is more comprehensive 

compared to the earlier studies as this has defined finer seismic source zones to characterize the 
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seismicity and has developed source-specific attenuation relations based primarily on the 

synthetic data. Department of Earthquake Engineering, Indian Institute of Technology Roorkee, 

has been actively involved in various research projects on site specific seismic hazard analysis 

for dams, reservoirs, bridges and National Thermal Power Plants. These studies are being used 

by the construction authorities for earthquake resistant design of engineering projects. 

6.3 PSHA Methodology 

 The frame work of PSHA involves 4 basic steps (Krammer, 1996) as follows: 

(i) Identification of seismically active source (seismogenic source) using heterogeneity in their 

physical, geological and seismological attributes; 

(ii) Estimation of occurrence rate of all earthquake magnitude range using an appropriate 

earthquake recurrence model for each seismogenic source; 

(iii) Selection of an appropriate Ground Motion Prediction Equation (GMPE) to compute target 

ground motion parameters 

(iv) Determination of associated hazard level in terms of probability of exceedance of ground 

motion intensity parameter (IM).  

 The PSHA approach describes a combined probability distribution function for any 

intensity measure (IM) parameter due to the total expected seismicity in a particular site. 

Suppose, υ (Mj, Ri) defines the annual rate of occurrence of earthquake(s) for a set of 

magnitude (Mj) and distance (Ri), and λ (Z > z) defines the rate of occurrence of IM parameter 

Z exceeding a value z (a value fixed for Z based on engineering judgement); then λ (Z > z) can 

be mathematically expressed as the linear combination of υ (Mj, Ri) for n number of 

seismogenic sources considered for that particular site.  

𝜆(𝑍 > 𝑧) = ∑ ∑ ∑ 𝑞(
𝑗
𝑗=1

𝑖
𝑖=1 𝑍 > 𝑧|𝑀𝑗  , 𝑅𝑖) × υ𝑛 (𝑀𝑗  , 𝑅𝑖) 

𝑛
𝑛=1     (6.1) 

Where, q defines the probability of IM parameter Z exceeding the value z for an earthquake of 

magnitude Mj at a distance Ri. 

 So the probability of IM parameter Z exceeding the value z, due to all the earthquakes 

in all the source zones during an exposure period of T years can be defined by Poissonian 

distribution and expressed as: 

𝑃(𝑍 > 𝑧|𝑇)  = 1 − exp(−𝜆(𝑍 > 𝑧) × 𝑇)       (6.2) 

It is to be noted here that the IM parameters represent different ground motion aspects (viz. 

PGA, PGV, PGD, Spectral acceleration, response spectra etc.). A plot of the probability P (Z 

>z|T) vs. z is known as the “hazard curve”. The hazard curves are sometimes also plotted as Y 

(Z >z|T) versus z, where Y is the return period of Z. Generally the PSHA may be expressed by 
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any of the quantities: λ (Z>z), Y (Z >z|T) or P (Z >z|T); which are interrelated by simple 

relations. However, equation (2) provides a direct physical interpretation of the results of 

PSHA. 

6.3.1 Poisson Probability Distributions for Inter Arrival Time 

 The G-R magnitude recurrence relations provide the annual occurrence rate of 

magnitude Mw, which is the reciprocal of the rate provide the return period of magnitude Mw. 

To convert the recurrence rate into the probability of earthquake occurrence, it is necessary to 

define the probability distributions for the earthquake recurrence time or inter arrival time 

(IAT).  Most probabilistic seismic hazard analyses are based on the assumption that the 

probability of an earthquake occurring in a given future time does not depend on the time 

elapsed since the previous earthquake. This assumption is typically made by defining the 

occurrence of earthquakes as a Poisson process. For a Poisson process, the probability of 

having exactly n number of earthquakes of a given magnitude range in a time interval t are 

defined, 

𝑝(𝑛, 𝜆) =
𝑒−𝜆𝑡(𝜆𝑡)𝑛

!𝑛
          (6.3) 

The probability of no event (n=0) in time t is obtained as, from equation (6.3),  

𝑝(𝑛 = 0) = 𝑒−𝜆𝑡          (6.4) 

Here, λ is annual occurrence rate of greater than equal to a particular magnitude from G-R 

magnitude recurrence relationship. The probability of no occurrence in time t given by Eq. 6.4 

can equivalently be interpreted as the probability that the time for occurrence of the next event 

in the given magnitude range is greater than t. Thus, the probability of having a time less than 

or equal to t between two consecutive events can be written as  

𝐹(𝑡) = 1 − 𝑒−𝜆𝑡          (6.5) 

This by definition is the probability distribution of the recurrence time with the corresponding 

density function given by 

𝑓(𝑡) =
𝑑𝐹(𝑡)

𝑑𝑡
= 𝜆𝑒−𝜆𝑡          (6.6) 

The probability distribution function of recurrence times can be used to define the conditional 

probability of occurrence in a small future time interval dt, given that a time interval t has 

elapsed since the occurrence of the previous event as 

𝑃(𝑑𝑡 𝑡⁄ ) =
𝐹(𝑡+𝑑𝑡)−𝐹(𝑡)

1−𝐹(𝑡)
         (6.7) 
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From this, the probability of occurrence per unit time at time t, known as hazard function h(t),  

can be obtained as 

ℎ(𝑡) =
𝑓(𝑡)

1−𝐹(𝑡)
           (6.8) 

As the probability per unit time represents the inverse of the recurrence time, the hazard 

function can be considered to represent the occurrence rate at time t. This is therefore also 

called the hazard rate function. Using the distribution and density functions of eqns. (4.36) and 

(4.37), the hazard function for the Poisson process is obtained as 

ℎ(𝑡) =
𝜆𝑒−𝜆𝑡

1−(1−𝑒−𝜆𝑡)
= 𝜆          (6.9) 

Thus the hazard function represents the constant occurrence rate for the Poissonian occurrence 

of earthquakes, exhibiting its memory less nature. 

6.4 Compilation and Treatment of Earthquake Catalogue 

 The first step of a PSHA study is the preparation of a comprehensive earthquake 

catalogue, which is further subjected to different tests and treatments. Compilation of 

earthquake catalogue is a time consuming and delicate process, for which data from different 

sources are extracted. There are three major categories of data sources for compilation of 

earthquake catalogue: instrumental data, historical data and paleoseismic data. The instrumental 

earthquake data sources have started for the period since 1964 after the establishment of World-

Wide Standard Seismographic Network (WWSSN). The early instrumental data are generally 

defined for the period from 1900 to 1963 AD, historical for the period from 1500 to 1899 AD, 

and paleoseismic for the period before 1500. The instrumental catalogue is compiled mainly 

from United States Geological Survey (USGS), International Seismological Centre (ISC) and 

India Meteorological Department (IMD). Additional data for recent earthquakes have been 

collected from the National Geophysical Research Institute (NGRI), Wadia Institute of 

Himalayan Geology (WIHG) and Institute of Seismological Research (ISR). For historical and 

paleoseismic catalogues, different published literature have been consulted. Many researchers 

(Nath et al., 2010; Raghukanth, 2010) also have compiled a unified catalogues for Indian 

region, which have greatly helped out in this research work. Figure 6.1 shows the observed 

earthquakes for various seismogenic source zones considered for this study. The earthquake 

catalogue compiled for the study is given in Annexure A-3. 

6.4.1 Treatment of Earthquake Catalogue 

 Owing to extraction of data from several sources with widely differing accuracy and 

quality, an earthquake catalogue suffers from problems of heterogeneity in the types of 
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magnitude and spatial and temporal coverage area. It is therefore necessary to subject an 

available earthquake catalogue to several tests and treatments to extract the most reliable 

information for hazard analysis applications. The commonly used catalogue treatments are: 

homogenization (assignment of the same type of magnitude to all listed earthquakes), 

declustering (identification and removal of the dependent events) and completeness analysis 

(classification of the completeness period for all size of earthquakes).  

 Homogenization 

 The compiled earthquake events from various sources initially define the magnitudes 

with various magnitude scales; viz. Local Magnitude ML, Surface wave Magnitude MS, Body 

wave Magnitude mB, and Moment Magnitude Mw etc. However, in real practice these 

magnitude scales do not represent equal value for same earthquake event. Homogenization 

refers to converting different types of magnitudes recorded in an earthquake catalogue to one 

type of magnitude using suitable empirical conversion relations. For hazard analysis 

applications, the type of magnitude used for homogenization is normally governed by the 

magnitude used in the selected ground motion attenuation relationship. Generally, most of the 

modern attenuation relationships are defined in terms of the Moment Magnitude (Mw) to ignore 

the saturation effects. All magnitude scales have been converted to the moment magnitude in 

the present study. 

 Many studies have proposed inter-relationship among different types of old and new 

types of magnitudes. For example, Gutenberg and Richter (1956) has given the following 

conversion relations from ML and older MS to mB 

𝑚𝐵 = 0.63 𝑀𝑆 + 2.5         (6.10) 

𝑚𝐵 = 1.7 + 0.8 𝑀𝐿 − 0.01𝑀𝐿
2       (6.11) 

 Abe (1981) has given a relationship between mB and the new body wave magnitude mb 

in ISC bulletins, whereas Chung and Bernreuter (1981) have given a relation between ML and 

mb as follows:    

𝑚𝐵 = 1.5 𝑚𝑏 + 2.2         (6.12) 

𝑀𝐿 = 0.88 𝑚𝑏 + 0.54         (6.13) 

 For the period prior to 1964, conversion relations are required from ML, older MS and 

longer period body wave magnitude mB to MW. For this purpose, MW may be taken equal to the 

older MS in the magnitude range of 6.5 to 8.5. If MS is not available directly, mB be converted 
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into MS using the relationship of eqn. (6.10) which can be approximated as MW.  For 

magnitudes smaller than 6.5, it is obtained as   

𝑀𝑊 = 0.887𝑀𝐿 + 0.67; 0 ≤ 𝑀𝐿 ≤ 6.5      (6.14) 

 Considering huge worldwide database of catalogues for the period 1965 to 2003, 

Scordilis (2006) has developed the conversion relations from new MS and mb to MW, as: 

𝑀𝑊 = 0.85𝑚𝑏 + 1.03; 3.5 ≤ 𝑚𝑏 ≤ 6.2; 𝑛 = 39,784    (6.15) 

𝑀𝑊 = {
0.67𝑀𝑆 + 2.07, 3.0 ≤ 𝑀𝑆 ≤ 6.1; 𝑛 = 23,921
0.99𝑀𝑆 + 0.08, 6.2 ≤ 𝑀𝑆 ≤ 8.2; 𝑛 = 2,382

    (6.16) 

 In this study above procedure of magnitude conversion has been followed. If the MW 

magnitude is not reported directly, Ms was used as Mw for Ms ≥ 6.5. If Ms not available, Mw can 

be obtained from mB using eqn. (6.10). For smaller magnitudes, MW can be obtained from ML 

using eqn. (6.14). For the new magnitude types, if Ms is reported then the conversion relation of 

eqn. (6.15) and (6.16) have been used to convert to Mw scale.  

 Declustering 

 Since Poissonian distribution has been used in this study, it is important to include only 

the statistically independent main shocks in the catalogue. The process of identification and 

removal of fore and after-shocks of a main earthquake event is known as declustering, which is 

performed by adopting window method (Uhrhammer, 1986). Window method is very simple 

procedure for identification of fore-shocks and after-shocks. In this method, space and time 

windows are defined for the occurrence of dependent events according to size of the 

independent event i.e. the main-shock. For any earthquake of magnitude Mw in the catalogue, 

the space and time windows are defined by Eq. (6.17) and (6.18) respectively: 

𝐿(𝑀𝑊) = 𝑒0.804𝑀𝑊−1.024         (6.17) 

𝑇(𝑀𝑊) = 𝑒
1.235𝑀𝑊−2.87         (6.18) 

 Fore-shocks and after-shocks are identified as the events which occur within this space 

window (L(Mw)) and time widow (T(Mw)). 

Magnitude Completeness 

 There are various methods to estimate the lowest magnitude of completeness, Mc, for 

given time and space intervals, which are based on the deviation from the linearity of the G-R 

relationship. In this study, the Entire Magnitude Range (EMR) method by by Woessner and 

Wiemer (2005) has been used. 
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 EMR method uses the data over the entire magnitude range, both below and above Mc. 

The data above Mc are described by the G-R relationship with parameters a, and b and these 

parameters are obtained by the Maximum Likelihood Method (MLM) (Utsa, 1965). The 

incomplete part below Mc is described by a Normal Cumulative Distribution Function as 

𝑞(𝑀 𝜇, 𝜎⁄ ) =
𝐶

√2𝜋𝜎
∫ 𝑒𝑥𝑝 {

−1

2
(
𝑥−𝜇

𝜎
)
2

}
𝑀

0
𝑑𝑥      (6.19) 

Where C is a normalization constant whose value is fixed such that 𝑞(𝑀 𝜇, 𝜎⁄ ) is 1.0. Thus, 

𝑞(𝑀 𝜇, 𝜎⁄ ) represents the probability of detection of various magnitudes below Mc. Parameters 

 and  are determined by Maximum Likelihood Estimator (MLE) method. In the EMR 

method, the best selection of Mc value is based on the Log–Likelihood Function with three 

parameters  ,  and . The most appropriate value of Mc is the one that maximizes the Log–

Likelihood Function given by Eq. 6.20. 

𝑙𝑜𝑔𝐿(𝜇, 𝜎, 𝛽) = ∑ log  𝑓(𝑀𝑖|𝜇, 𝜎, 𝛽)𝑖        (6.20) 

 In an earthquake catalogue, listed earthquake events of different magnitudes are not 

complete for equal time periods. In general, the smaller magnitude earthquakes are not 

complete for the older times, because the recording instruments started to record small 

earthquakes very late. Also, the completeness years for different magnitude range varies with 

space and time. For accurate estimation of seismic hazard, number of earthquake of specific 

magnitude should be used with corresponding completeness periods. Stepp (1972) proposed 

simple statistical criterion to identify the most recent period of completeness for a magnitude 

class, characterized by a constant occurrence rate of earthquakes. The method is based on the 

deviation of the rate of decrease of the variance in occurrence rate with increase in time from 

the expected behaviour. In the Stepp’s method, for the compiled catalogue of earthquakes 

magnitude bins of size 0.5-1.0 unit have been prepared. Each magnitude interval is further 

grouped into time intervals of about 5 to 10 years. Then the annual occurrence rate, R(M), has 

been estimated for each magnitude bins with increasing time length and start with the utmost 

present time. The first time window consists 10 years, then next time window will 20 years, 

and so on. The completeness period, R(M), becomes constant for each time window for a given 

magnitude bins. To identify the interval of completeness for a particular magnitude class, Stepp 

(1972) assumes R(M) as the mean of a Poisson process. Thus, the variance of R(M) for T  time 

interval is defined as; 

𝑆𝑅
2 =

𝑅(𝑀)
𝑇⁄          (6.21) 
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Thus, the standard deviation SR of the mean occurrence rate R(M) varies as  1 √𝑇⁄  with time for 

achieving the stationarity of R(M). The plot of SR and T, known as Stepp’s completeness plot, 

should show this expected behaviour for the period of completeness. The period of 

completeness for a magnitude class has to include minimum number of of events.  The interval 

which are not reported completely, is not included.   Time interval bin should also be long 

enough to establish a stable mean rate of occurrence. The Stepp’s method requires a certain 

degree of personal judgment, especially at the extreme lower and upper magnitudes due to the 

statistical variability of the occurrence rates. The magnitude-completeness by EMR method for 

identified seismogenic source zones is shown in Fig. 6.2. 

6.5 Seismotectonic Modelling 

6.5.1 Identification of Seismogenic Sources 

 The study area shares high seismicity of the north-western Himalayan region. It is 

falling in between the seismic gap of 1934 Bihar–Nepal earthquake and 1905 Kangra 

earthquake in the central Himalaya active region. After plotting the earthquake data with the 

tectonic map, the region is divided into seven seismogenic source zones based on geologic 

conditions, tectonic features and seismicity. Each seismogenic source zones along with 

seismicity and tectonic features are shown in Fig. 6.1. 
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Fig. 6.1: Seismogenic Sources with Seismo-Tectonic Features 

 

 In this section, each seismogenic source is discussed briefly. 

  Seismogenic Zone-I 

  The seismogenic zone-I which is comprised of prominent tectonic feature the NNE 

trending subsurface Mahendragarh Dehradun Fault (MDF) which extends northeast ward up to 

the Himalayan foothills. The Delhi-Hardwar ridge is aligned with the MDF and is considered to 

be prolongation of the NNE-SSW directed Peninsular rock (Aravalli) as a horst delimited by 

faults. Further, in Delhi-Moradabad province the Neogene sediments directly overlie the Delhi 

basement. The Moradabad fault zone forms the eastern boundary of the Delhi-Moradabad 
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tectonic province. This NE-SW trending tectonic feature is traceable on to the shield area as a 

tectonic boundary between the Delhi folded belt and the Vindhyans.  

  Seismogenic Zone-II 

  This zone forms western most part Indo-Gangetic basin covering parts of Punjab and 

Haryana. This zone is filled with alluvium and marked by a few NE-SW and NW-SE trending 

lineaments.  

  Seismogenic Zone-III 

  The seismogenic zone-III constitutes north-western part of Himalayan structural belt.  

In this part the structural trend of the Himalaya is mostly NW-SE and is affected by transverse 

faults on the east by Sundernagar. Prominent tectonic features of this zone are Main Central 

Thrust (MCT), Main Boundary Thrust (MBT), Main Frontal Thrust (MFT) and Sundernagar 

Fault (SNF). SNF displaces MCT transversely for considerable distance. In the area northwest 

of SNF and north of MBT very high concentration of earthquake occurrence is reported 

indicating intense tectonic activity in the region. The 1905 Kangra earthquake of magnitude 8 

has occurred in this zone only. 

  Seismogenic Zone-IV 

  The seismogenic zone-IV is comprised of the Himalayan belt of eastern and western 

parts of Himachal Pradesh and Uttarakhand respectively. In this area the structural trend of the 

Himalaya is mostly NW-SE. Prominent tectonic features of this zone are Main Central Thrust 

(MCT), southward dipping North Almora Thrust (NAT), Main Boundary Thrust (MBT) and 

Main Frontal Thrust (MFT). This structural belt has undergone different stages of crustal 

evolution and has been subjected to orogenic movements of varying intensity from time to 

time. Many significant earthquake clusters occur in this zone between MBT and MCT and also 

spread across the MCT making the region tectonically active. The 6.6 magnitude Uttarkashi 

earthquake of 1991 is located in this zone only. The zone also consists of neotectonic Kaurik 

Fault System (KFS) defined by number of half-graben faults occurring NE to the site and is 

active as it is considered that rupturing along the fault system had triggered Kinnaur earthquake 

of 1975 (GSI, 2000).  

  Seismogenic Zone-V 

  The seismogenic zone-V forms trans-Himalayan region north of the central crystalline 

belt. This zone is marked by Indus Suture Zone (ISZ) and extensive Karakoram Fault (KKF). 

ISZ marks the boundary between the Indian and Tibetan plates and south of this, litho-units of 

the main Himalayan belt are exposed and traverse across the study area from west to east. This 
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zone is represented by the obducted materials of the Neotethyan oceanic crust together with 

deep marine Triassic to Eocene sediments. KKF is the most extensive tectonic feature present 

in the region, which has affected the region with a huge dextral offset and is traceable towards 

northwest through the Shyok Suture to the Pamir. This fault extends for almost 1000 km from 

Central Pamir to Kumaon Himalayas.  

  Seismogenic Zone- VI 

  The seismogenic zone-VI is comprised of the Himalayan belt of eastern Uttarakhand 

and westernmost part of Nepal. In this part the structural trend of the Himalaya is mostly 

WNW-ESE. This part is affected by minor transverse faults and longitudinal E-W trending 

Alaknanda fault. Prominent tectonic features of this zone are Martoli Thrust (MT), Main 

Central Thrust (MCT), southward dipping North Almora Thrust (NAT), South Almora Thrust 

(SAT), Ramgarh Thrust (RT), Main Boundary Thrust (MBT), Main Frontal Thrust (MFT). 

This structural belt has undergone different stages of crustal evolution and has been subjected 

to orogenic movements of varying intensity from time to time. Many significant earthquake 

clusters occur in this zone. Earthquake clusters are located north and MBT and spread across 

the MCT indicating the area between MBT and MCT and north of MCT is active. The 1999 

Chamoli earthquake of magnitude 6.8 has occurred in this zone. 

  Seismogenic Zone-VII 

  This seismogenic zone is marked by subsurface faults namely Moradabad Fault (MF) 

and Great Boundary Fault (GBF) and a few lineaments.  These faults have NE-SW trends and 

have configures the basement tectonics. The Moradabad fault zone forms the boundary 

between Neogene and the Delhi basement in Delhi-Moradabad province. 

  Table 6.1 presents some salient tectonic features of each source zone. 

Table 6.1: Important Tectonic Features of Seismogenic Sources 

SSZ Prominent tectonic features 

SSZ I MDF 

SSZ II Few NE-SW and NW-SE trending lineaments 

SSZ III MCT, MBT, MFT, SNF 

SSZ IV MCT, MBT, MFT, NAT 

SSZ V ISZ, KKF 

SSZ VI MCT, MBT, MFT, MT, NAT, SAT, RT 

SSZ VII MF, GBF 
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6.5.2 Computation of Seismicity Parameters 

  To comprehend the overall seismicity of a seismogenic source, seismicity parameters 

are correlated to a particular earthquake recurrence model. The choice of the recurrence model 

is often dictated by the seismotectonic characteristics of the source and the availability of data. 

The Gutenberg-Richter’s (1954) relation, which is one of the most widely used earthquake 

recurrence models, relates the rate of occurrence of an earthquake and its magnitude log-

linearly for a particular seismic source. It is defined as  

log𝑁(𝑀) = 𝑎 − 𝑏𝑀         (6.22) 

Where, N(M) is the cumulative frequency of occurrence of earthquakes of magnitude greater 

than M, and a and b are the seismicity parameters for a given source zone.  

 The recurrence relationship commonly used in PSHA application is defined with a lower 

threshold magnitude Mmin and upper bound magnitude Mmax to replicate the realistic scenario 

(Cornell and Vanmarcke, 1969). In the study, the constant seismicity model is used for this 

purpose and it is represented as 

𝑁(𝑀) = 𝑁(𝑀𝑚𝑖𝑛) ×
𝑒−𝛽𝑀−𝑒−𝛽𝑀max 

𝑒−𝛽𝑀min−𝑒−𝛽𝑀max 
      (6.23) 

Where, N(Mmin) is the total number of earthquakes with magnitude greater than or equal to 

Mmin and β is related to the parameter b as 

β=bln10          (6.24) 

The parameter β can be evaluated by using the maximum likelihood method (Utsu, 1965) and it 

is defined as 

𝛽 =
1

𝑀̅−𝑀𝑚𝑖𝑛
;          (6.25) 

𝑀̅ =
∑𝑀𝑖×𝑛𝑖

𝑁
          (6.26) 

 Where, N is total number of earthquakes and ni is the number of earthquakes for different 

lower threshold magnitude Mmin for different period of completeness. 

  As discussed in sec. 6.4.1, Entire Magnitude Range (EMR) method has been used to 

estimate Mmin for each seismogenic source zone. The periods of completeness for different 

magnitude range have been estimated by Stepp (1972) method. In this present study, observed 

value of Mmax from earthquake catalogue is used. The magnitude-completeness by EMR 

method for each sesimogenic source zone is shown in Fig. 6.2. The seismicity parameters for 

each zone used in this study are presented in Table 6.2.  
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Fig. 6.2: Magnitude Completeness EMR Graphs for Seismogenic Sources 

Table 6.2: Computed Seismicity Parameters for Seismogenic Sources 

Seismogenic Source Zone Mmax Mmin 𝛽 a N(Mmin) 

SSZ I 6.5 4.5 2.23 4.26 2.40 

SSZ II 5.5 4.0 1.93 3.87 3.24 

SSZ III 8.0 3.1 1.70 2.66 0.50 

SSZ IV 6.6 4.7 2.20 4.08 2.51 

SSZ V 6.0 2.7 2.00 2.67 0.15 

SSZ VI 6.8 3.5 2.14 3.40 0.47 

SSZ VII 6.7 2.6 1.49 1.83 0.17 

SSZ I SSZ II SSZ III 

SSZ IV SSZ V SSZ VI 

SSZ VII 
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6.6 Attenuation Relationship 

 Both deterministic and probabilistic seismic hazard assessments apply ground motion 

attenuation models. The main purpose of using attenuation relationships is to specify the 

expected level of ground shaking as a function of predictor variables describing earthquake 

source, path, and site effects. They were historically developed as equations that express 

ground motion as a function of magnitude and distance with occasional inclusion of other 

variables like type of faulting etc. However, with time, they have become more and more 

comprehensive and now-a-days most of the models include a set of primary variables and a set 

of secondary variables. Ground motion attenuation relationships are determined either 

empirically (where previously recorded ground motions are used) or theoretically (using 

seismological models to generate synthetic ground motions which incorporate source, site and 

path effect). Yet, there exists an overlap in both these methods since empirical approaches often 

fit data to a functional form (equation) suggested by theory and theoretical approaches often 

use empirical data to determine some parameters. 

 In this present study, attenuation relationship developed by Boore and Atkinson in 2008 

(BA08) has been used. The attenuation relationships was developed as a function of earthquake 

magnitude, distance from source to site, local average shear-wave velocity, and fault type, for 

PGA (Peak Ground Acceleration), PGV (Peak Ground Velocity) and PSA (Pseudo 

Acceleration Spectra) at time periods between 0.01 and 10 sec. BA08 attenuation relationship 

is relatively simple and more user friendly compared to other complicated relationships. The 

basic empirical relationship is given as: 

𝑌 = 𝐹𝑀(𝑀) + 𝐹𝐷(𝑅𝐽𝐵, 𝑀) + 𝐹𝑆(𝑉𝑆30, 𝑅𝐽𝐵, 𝑀) + 𝜀𝜎𝜏     (6.27) 

Where, Y represents a ground motion intensity measure (PGA/PGV/PSA), FM represents the 

magnitude scaling, FD represents the distance function, FS  represents the site amplification, M 

denotes the moment magnitude, RJB  is Joyner- Boore distance defined as the closest distance to 

the surface projection of the fault ( considered to be approximately equal to epicentral distance 

for events of M < 6), VS30  represents the inverse of the average shear wave slowness from the 

surface to a depth of 30 m and ε is the standard deviation of a predicted mean value of the Y. 

σ  is a period dependent variable and is computed as given as 

𝜎𝜏 = √𝜎2 + 𝜏2          (6.28) 

Where,   is the intra-event aleatory uncertainty and  is the inter- event aleatory uncertainty. 

 The magnitude scaling relations (FM )  in Eq. 6.27 are given by  
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𝐹𝑀(𝑀) = {
𝑒1𝑈 + 𝑒2𝑆𝑆 + 𝑒3𝑁𝑆 + 𝑒4𝑅𝑆 + 𝑒5(𝑀 −𝑀ℎ) + 𝑒6(𝑀 −𝑀ℎ)

2,   𝑀 ≤ 𝑀ℎ
𝑒1𝑈 + 𝑒2𝑆𝑆 + 𝑒3𝑁𝑆 + 𝑒4𝑅𝑆 + 𝑒7(𝑀 −𝑀ℎ),                                𝑀 > 𝑀ℎ

 (6.29) 

Where, U, SS, NS and RS are the dummy variables used to represent unspecified , strike-slip, 

normal –slip, and reverse-slip fault types, respectively, and Mh, the “hinge magnitude” for the 

shape of the magnitude scaling (the value of which is to be set during the analysis). 

 The distance function (FD) in Eq. 6.27 is given by  

𝐹𝐷(𝑅𝐽𝐵, M)   =  [𝐶1  +  𝐶2(M − 𝑀𝑟𝑒𝑓) ] ln (R/𝑅𝑟𝑒𝑓) + 𝐶3(R − 𝑅𝑟𝑒𝑓 )  (6.30) 

Where, 𝑅 = √𝑅𝐽𝐵
2 + ℎ2 and C1, C2, C3, Mref, Rref and h are the coefficients to be estimated in 

the analysis. 

 The site amplification factor (FS) in Eq. 6.27 is given by 

𝐹𝑆 = 𝐹𝐿𝐼𝑁 + 𝐹𝑁𝐿         (6.31) 

Where, FLIN  and FNL represent the linear and nonlinear terms, respectively.  

 The linear term (FLIN) is given by: 

𝐹𝐿𝐼𝑁 = 𝑏𝑙𝑖𝑛 ln(𝑉𝑆30 𝑉𝑟𝑒𝑓⁄ )        (6.32) 

Where, blin represents a period-dependent coefficient, and Vref is the specified reference 

velocity (760 m/s) corresponding to National Earthquake Hazards Reduction Program 

(NEHRP) boundary site conditions. 

 The linear term is given by: 

𝐹𝑁𝐿 =

{
 

 
𝑏𝑛𝑙 ln(𝑝𝑔𝑎𝑙𝑜𝑤/0.1),                                                                  𝑝𝑔𝑎4𝑛𝑙 ≤ 𝑎1

bnl ln (
pgalow

0.1
) +  c ln [

pga4nl

a1
] 2 +  d ln [

pga4nl

a1
] , a1 ≤  pga4nl ≤ a2

bnl ln (
pga4nl

0.1
) ,                                                                           a2 <  𝑝𝑔𝑎4𝑛𝑙

  (6.32) 

Where, a1 (0.03g) and a2 (0.09g) are used as threshold levels for linear and nonlinear 

amplification, respectively. pgalow (0.06g) is a variable used for transition between linear and 

nonlinear behaviours, and pga4nl is the predicted PGA in g for Vref = 760 m/s, with FS = 0 and 

ε = 0. 

 The attenuation relationship (BA08) was developed based on simplest formulation and 

regression analyses. The equation indicates a reliable description of recorded ground motion 

amplitudes for shallow crustal earthquakes in active tectonic regions over a wide range of 

magnitude and distances. The equation should be used for predictor variables in the magnitude 

range of 5-8 (for all fault types), RJB<200 km and VS30 range of 180-1300 m/s. These limiting 
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ranges are subjective estimates, based on the distributions of the recordings used to develop the 

equations. After careful examination of various attenuation relationships available for the study 

area, BA08 has been selected mainly due to the availability of required data for such analysis. 

The simpler form of the attenuation relationship also encourages the inclination towards its use. 

6.7 Generation of Peak Ground Acceleration (PGA) Maps 

 The probabilistic frame work of seismic hazard assessment provides with the scope of 

examining the effects of an entire range of earthquake sizes (in terms of return periods) for any 

IM parameter. For this research work, PGA is selected as the output IM parameter as discussed 

in section 6.1. The final results of this PSHA study is presented as PGA maps (Fig. 6.3) for five 

earthquake scenarios with return periods of 10 years, 50 years, 100 years, 225 years and 475 

years. The selection criteria for the specified earthquake scenarios are discussed in the next 

chapter. Each PGA map is further classified into five classes so as to facilitate their application 

in seismically induced LHZ mapping. Table 6.3 shows the minimum and maximum PGA 

obtained for the study area corresponding to each earthquake scenario. 

Table 6.3: Minimum and Maximum PGA values for Different Earthquake Sizes 

Earthquake Return Period PGAmin (g) PGAmax (g) 

10 0.031  0.056  

50 0.039  0.071  

100 0.049  0.093  

225 0.069  0.140  

475 0.097  0.190  
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Fig. 6.3(a): PGA Map of the Study Area for Earthquake with Return Period of 10 Years 

 
Fig. 6.3(b): PGA Map of the Study Area for Earthquake with Return Period of 50 Years 
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Fig. 6.3(c): PGA Map of the Study Area for Earthquake with Return Period of 100 Years 

 
Fig. 6.3(d): PGA Map of the Study Area for Earthquake with Return Period of 225 Years 
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Fig. 6.3(e): PGA Map of the Study Area for Earthquake with Return Period of 475 Years 

 

 As per the current Indian code of practice, IS 1893 (Part-I): 2016 (BIS, 2016) the study 

area lies in zone IV of seismic hazard level. This corresponds to a PGA value of 0.24g for 

earthquake scenario with return period of 475 years. However, the present study estimates a 

PGA of 0.197g for the same earthquake scenario, which is slightly smaller (17%) than the code 

specified value. Bhatiya et al. (1999) reported a PGA value of 0.10g to 0.30g for 475 years 

return period in the Garhwal Himalaya region. Sharma and Dimri (2003) estimated a PGA of 

0.35g for earthquake scenario with 225 years return period for the Dehradun area. Mahajan et 

al. (2010) estimated PGA for the study area as 0.25g for 475 years return period scenario. Nath 

et al. (2012) predicted a PGA value of 0.47g for 2475 years return period in and around 

Dehradun city. This roughly translate into a PGA of 0.23g for 475 years return period 

earthquake. Sitharam et al. (2013) predicted a PGA value of 0.21g for earthquake scenario of 

475 years return period for Delhi region which is in close proximity of the study area. It is 

worth mentioning that these studies are carried out for a much bigger area considering the 

whole Himalaya as seismogenic source. Invariably, the seismicity parameters estimated by 

these studies are greater than that estimated in the research work. Taking that into account, the 
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PSHA results of the present research work seem to satisfy the lower bound values of PGA 

parameter suggested by the past studies.  

6.8 Summary 

 A comprehensive seismic hazard analysis for the study area has been performed. The 

results of the PSHA study are presented in terms of PGA maps for five earthquake scenarios 

with return periods of 10 years, 50 years, 100 years, 225 years and 475 years. The maximum 

PGA estimated for the study area is 0.197g for an earthquake scenario with return period of 475 

years. Detailed discussions on past PSHA studies in India, PSHA methodology, compilation 

and treatment of earthquake catalogue and selection of attenuation relationship are included in 

this chapter. 

 One of the key challenges in carrying out seismically induced landslide hazard zonation 

(LHZ) mapping is the selection of an appropriate earthquake motion and choice of a suitable 

parameter, through which an earthquake is described. The conventional studies mainly focus on 

correlating earthquake magnitude and spatial distribution of landslides in an area. However, 

applicability of such methods has been severely challenged due to the regional and 

characteristic biasness of the dataset used and the earthquake scenario (generally a single event) 

selected. Alternatively, earthquake generated strong ground motion scenarios, formed through 

the frame work of PSHA could be effectively used. This will increase the overall applicability 

of the input earthquake motion for carrying out seismically induced LHZ mapping.   
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Chapter 7 

LANDSLIDE HAZARD ZONATION (LHZ) 

 UNDER SEISMIC CONDITIONS 

7.1 Preamble 

 In the Himalayan mountain chains, two of the most persistent natural hazards are its 

inherent seismicity and perennial slope failures. Landslides seem ubiquitous throughout the 

Himalayan arc, mainly due to its fragile geo-morphology and active tectonism. In this research 

work, the effect of seismicity on landslide occurrence and distribution has been examined for a 

part of lower Indian Himalaya. As discussed in the previous chapters, the main challenges in 

carrying out seismically induced landslide hazard zonation (LHZ) mapping are the lack of a 

globally recognized statistical technique and lack of consensus in selection of input earthquake 

parameter. In this chapter, inclusion and implications of probabilistic peak ground acceleration 

(PGA) parameter in LHZ mapping have been described. The chapter includes detail discussions 

on the impact of various scenario earthquakes in spatial distribution of hazard zones and 

quantify the role and effect of seismicity in LHZ mapping. 

7.2 Multi-Hazard Integration 

   The most critical aspect of carrying out seismically induce LHZ mapping is coalescing 

the two hazards at a same scale i.e. integrating seismic and landslide hazard. The choice of an 

adopted method is governed by the aim and scope of the study. If the study is carried out post a 

major seismic event, distance magnitude frequency correlation becomes an automatic choice. 

The results of such studies will greatly improve the knowledge of the investigated terrain and 

its response during an earthquake shaking. The studies by Keefer (1984), Yin et al. (2008), 

Pareek et al. (2010) are some successful examples of such research. On the hindsight, such 

studies are limited to the particular region and ground motion only. For micro-scale, site 

specific LHZ studies, physical based models might represent a better estimate of co-seismic 

displacements, but the main disadvantage of such model is the complex and robust analytical 

processes associated with it. The selection of an appropriate statistical LHZ technique is a 

complicated decision as discussed in section 5.2, and as an alternative approach, map 

combination method has been considered for the research work to carry out seismically induced 

LHZ mapping of the study area. For that purpose, a landslide susceptibility scale has been 

developed (section 5.4), which is used to incorporate both static and seismic parameters in this 

study. Considering that the study is carried out at a regional level, the objective is here to 
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quantify the impact of earthquakes on spatial distribution of landslide hazard zones for different 

scenarios of strong ground motion.  

  The landslide susceptibility scale, developed for the study area, is based on the 

linguistic variables of perceived susceptibility level for a particular data layer. The linguistic 

variables are determined judging the concurrency of statistical correlations. Weights are then 

assigned to various thematic classes on a scale from 1 to 9; 9 being the highest represents very 

high level of susceptibility, whereas 1 represents very low susceptibility level. Five crisp values 

viz. 1, 3, 5, 7 and 9 are used to denote five distinct susceptibility levels, with the sporadic use 

intermediate values like 8 or 2 to denote H-VH or VL-L susceptibility levels. The same scale is 

applied to assess the perceived hazard level of earthquake thematic classes, albeit with little 

modifications.  

7.2.1 Assignment of Weights (WE,K) to PGA Thematic Classes 

 Assignment of weights to various thematic classes require classification of PGA maps, 

which is done following their probability distribution pattern. This is derived from the same 

procedure used to segment the LPI values (section 5.7 in chapter 5). However, for segmenting 

the LPI values, an optimization scheme has been suggested by Saha et al. (2005), where a 

positive, non-zero entity (m) is introduced to maximize the success rate of the LSZ map. As the 

PGA map is represented more discretely, and it is not possible to optimize the classification 

based on success rate, segmentation of PGA values is done on the basis of predicted mean and 

standard error. The probability distribution of PGA classes for earthquake scenario with 475 

years return period is shown in Fig. 7.1 for illustrative purpose. The PGA classes for all 

earthquake scenarios follow an binomial distribution pattern as shown in Fig. 7.1. For the 

distribution pattern, values of predicted mean (p) and predicted standard error (p) have been 

calculated.  Each PGA map is then categorized into five classes at (p-1.5p), (p-0.5p), 

(p+0.5p) and (p+1.5p). The classified maps are shown in Fig. 6.3 (a-e) in chapter 6. The 

assignment of weights (WE,K) to PGA thematic classes are shown in Table 7.1. 
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Fig. 7.1: Probability Distribution of PGA Classes for Earthquake Return Period 475 yrs 

Table 7.1: Assignment of Weights (WE,K) to PGA Thematic Classes 

PGA Thematic Class 
Perceived Hazard Level 

(Linguistic Variable) 
WE,K 

Earthquake Return Period 10 Years 

0.031-0.036g VL 1 

0.036-0.041g L 3 

0.041-0.047g M 5 

0.047-0.052g H 7 

0.052-0.056g VH 9 

Earthquake Return Period 50 Years 

0.039-0.046g VL 1 

0.046-0.052g L 3 

0.052-0.059g M 5 

0.059-0.066g H 7 

0.066-0.071g VH 9 

Earthquake Return Period 100 Years 

0.049-0.058g VL 1 

0.058-0.064g L 3 

0.064-0.075g M 5 
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0.075-0.084g H 7 

0.084-0.093g VH 9 

Earthquake Return Period 225 Years 

0.069-0.089g VL 1 

0.089-0.103g L 3 

0.103-0.115g M 5 

0.115-0.121g H 7 

0.121-0.140g VH 9 

Earthquake Return Period 475 Years 

0.097-0.127g VL 1 

0.127-0.143g L 3 

0.143-0.159g M 5 

0.159-0.168g H 7 

0.168-0.197g VH 9 

 Once, the weights are assigned, it is important to check the consistency of the decision 

made. For that purpose, AHP is used. The methodology followed for checking the consistency 

through AHP has already been discussed in section 5.3 in chapter 5. Table 7.2 shows the 

decision matrix for weight assignment procedure. 

Table 7.2: Decision Matrix for Weight Assignment Procedure to PGA Thematic Class 

 Perceived Hazard Level VH H M L VL Normalized Principle Eigen Vector 

[1] Very High 1     0.5132 

[2] High 1/3 1    0.2621 

[3] Moderate 1/5 1/3 1   0.1295 

[4] Low 1/7 1/5 1/3 1  0.0631 

[5] Very Low 1/9 1/7 1/5 1/3 1 0.0334 

For the above decision matrix 10 pair-wise comparisons are made. Solution of the decision 

matrix yields the following results: 

N = 5,  max = 5.237,  CI = 0.05925  RI = 1.12 

CR = CI/RI = 0.0529 

Since CR (5.29%) < 10%, the decision made i.e. weights assigned are consistent. 
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7.2.2 Assignment of Ranks (RE,K) to Scenario Earthquakes 

 In this research work, probabilistic scenario earthquakes are considered as input 

seismicity parameter to carry out seismically induced LHZ mapping for a part of lower 

Himalayan belt. Use of probabilistic scenario earthquakes in LHZ mapping becomes popular 

since the early part of last decade (Nadim et al., 2006; Saygili and Rathje, 2009; Yin et al., 

2009; Abou-Jaoude and Wartman, 2017). However, n such studies, only one scenario 

earthquake (generally earthquake with return period 475 years as a conservative approach) has 

been considered. It is understood that different earthquake sizes will have different effects on 

landslide occurrence and their spatial distribution in an area. Earthquakes with higher return 

periods (e.g. 225 years or 475 years) have lower probability of occurrence, but would generate 

bigger ground accelerations. On the other hand, smaller earthquakes with lower return periods 

(e.g. 10 years or 50 years) will impart much smaller ground accelerations, but have a higher 

frequency of occurrence. Thus, it is imperative to assign different ranks to different earthquake 

sizes corresponding o different return periods.   

 Assignment of ranks to various earthquake size is subjective as there is no literature 

available for the same. In this research work, a novel methodology has been suggested to assign 

ranks to various earthquake sizes to reduce the subjectivity in weight assignment process. It is 

based on the normalized PGA values for the entire range of earthquakes considered. The size 

dependent dynamic ranking of earthquake sizes will facilitate to comprehend the effect and 

implications of scenario earthquakes in LHZ mapping objectively. 

Mathematically, Dynamic Ranking (RE,K) of different earthquake sizes may be computed as 

follows: 

𝑅𝐸,𝐾 =
𝑎𝑘

𝑎𝑚𝑎𝑥
× 𝑅𝑚𝑎𝑥          (7.1) 

Where, 𝑅𝐸,𝐾  and 𝑎𝑘  denote the rank and maximum PGA value of earthquake size with kth 

return period respectively, 𝑎𝑚𝑎𝑥  represents the maximum PGA value corresponding to the 

largest earthquake size (475 years return period in this study) and Rmax is the rank assigned to 

the largest earthquake size (the same 475 years return period earthquake).  

 Dynamic ranking system is developed to assign ranks to different scenario earthquakes 

(in terms of PGA values) objectively. Physically, it denotes the relative importance of a 

specified earthquake size (measured in terms of return period) in the entire range of 

earthquakes considered for the LHZ mapping. 

 There are three steps in calculation of dynamic ranks: (i) selection of the “worst case” 

scenario earthquake corresponding to which maximum PGA (amax) is recorded, (ii) assignment 
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of the highest earthquake rank to the “worst case” scenario earthquake and (iii) calculation of 

normalized PGA factors (ak/amax). In this present study, maximum PGA is recorded 

corresponding to the earthquake with return period of 475 years, which is, therefore; considered 

as the “worst case” scenario. The perceived hazard level for this scenario earthquake is very 

high and therefore, it is assigned the highest rank of 9 using the same LSZ scale (section 5.3) 

developed for the study area. Now the dynamic rankings (RE,K), which will signify the relative 

importance of other earthquake scenarios, have been estimated w.r.to the assigned rank of the 

“worst case” scenario earthquake (i.e. Rank of 9 for earthquake with return period 475 years). 

In the present study, it is proposed that the maximum value of normalized PGA factor (ak/amax= 

1) would be assigned to the biggest earthquake size (highest return period) considered in a 

particular study and 475 years is a reasonable approximation. But if one is to consider an 

earthquake with greater return period, say 1000 years, the value of ak/amax becomes 1 for 1000 

years return period. In that case the dynamic ranking 475 years will be changed and should be 

calculated accordingly. For PSHA method, earthquake with highest return period will be the 

“worst case” scenario automatically and that should be given the highest rank. It is also to be 

noted that for different seismotectonic environment, the dynamic ranks will be different. Since 

the present study is carried out for seismically hyper-active Himalayan belt, the earthquake 

with return period 475 years is assigned a rank of 9. Assignment of rank to the “worst case” 

earthquake scenario would be based on the professional experience and judgment of the 

investigators. Thus, the proposed method could quantify the relative importance of various 

earthquake sizes effectively. Table 7.3 illustrates the results. 

Table 7.3: Calculation of Dynamic Rankings (RE, K) 

Earthquake Return 

Period 

Normalized PGA 

Factor 

Highest 

Rank 

Dynamic 

Rank 

Perceived Hazard 

Level 

10 yrs 0.284 ----- 2.5 VL 

50 yrs 0.359 ----- 3.5 L 

100 yrs 0.475 ----- 4.5 M 

225 yrs 0.711 ----- 6.5 H 

475 yrs 1.000 9 9 VH 

 From table 7.3, it is observed that, earthquakes with lower return periods (10 years and 

50 years) have dynamic rankings of 2.5 and 3.5 respectively. This implies that their effects on 

LHZ mapping is compatible to static causative parameters like slope aspect and LULC patterns. 

Their perceived level of hazard is thus considered to be very low and low. In other words, there 

is little possibility of these earthquakes rendering widespread landslides in the study area. On 
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the other hand, earthquakes with higher return periods (225 years and 475 years) have relative 

importance as high as geological units and slope angle and are likely to produce landslides of 

multitude proportion.  The computed dynamic ranks (RE,K) and weights (WE,K) are used to 

calculate the dynamic landslide potential (LPID) of the study area. 

7.3 Landslide Hazard Zonation under Seismic Condition: Results and Discussion 

7.3.1 Computation of Dynamic Landslide Potential Index (LPID) 

 Assuming that RE,K and WE,K denote the dynamic rank and weight of an earthquake size 

with kth return period respectively, the dynamic Landslide Potential Index (LPID) is computed 

as 

𝐿𝑃𝐼𝐷 = ∑ ∑ 𝑅𝑖
𝑚
𝑗=1

𝑛
𝑖=1 × 𝑊𝑖,𝑗 + ∑ 𝑅𝐸,𝑘

𝑙
𝑘=1 × 𝑊𝐸,𝐾      (7.2) 

 The dynamic LPID in Eq (7.2) is an extension of Eq. (5.1) in chapter 5. It has two parts: 

the static part as given by Eq. (1) and the size-dependent dynamic part. Introducing a dummy 

variable, a combined equation may be derived as 

𝐿𝑃𝐼𝐸 = ∑ ∑ 𝑅𝑖
𝑚
𝑗=1

𝑛
𝑖=1 × 𝑊𝑖,𝑗 + (∑ 𝑅𝐸,𝑘

𝑙
𝑘=1 × 𝑊𝐸,𝐾)𝛿(𝑒)     (7.3) 

Where, 𝛿(𝑒) = {
1, if seismcity is considered

0, otherwise
 

 If seismicity is not considered, LPID will become static and will be computed as given 

by Eq. (5.1). The computed LPID values are used to generate seismically induced LHZ maps 

for the study area. 

7.3.2 Generation of Seismically Induced LHZ Maps for the Study Area 

 The computed dynamic ranks and weights of scenario earthquakes are appended to each 

PGA map in Arc-GIS 10.6. The reclassified maps are then numerically integrated with 

LSZ_Static (Fig. 5.2, chapter 5) to generate five dynamic LHZ map of the study area, which are 

shown in Fig. 7.2 (a-e). The dynamic LHZ maps are denoted as LHZ_D10, LHZ_D50, 

LHZ_D100, LHZ_D225 and LHZ_D475 respectively, corresponding to the scenario 

earthquake used. Each map is categorized into five distinct zones of landslide hazard. As the 

research work envisages to quantify the impact of scenario earthquakes on the spatial 

distribution of landslides in the study area, the dynamic LHZ maps are further analyzed w.r.t. 

the LSZ_Static map prepared for the study area. Therefore, the class boundaries of LSZ_Static 

map has been retained for segmenting the LPID values of each map.  



Chapter 7  LHZ under Seismic Conditions 

 

114 
 

 
Fig. 7.2(a): Seismically Induced LHZ Map for Earthquake Return Period 10 Years  

 
Fig. 7.2(b): Seismically Induced LHZ Map for Earthquake Return Period 50 Years 
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Fig. 7.2(c): Seismically Induced LHZ Map for Earthquake Return Period 100 Years 

 
Fig. 7.2(d): Seismically Induced LHZ Map for Earthquake Return Period 225 Years 
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Fig. 7.2(e): Seismically Induced LHZ Map for Earthquake Return Period 475 Years 

 

 From Fig. 7.2 (a-e), it is clearly evident that with the change in input scenario 

earthquakes, there has been a distinct change in the area of the landslide hazard zones. More 

precisely, the changes indicate a paradigm shift of zones from very low (VL) towards very 

(VH) as the size of the input earthquake increases (i.e. higher earthquake return periods). To 

quantify these observations, the dynamic LHZ maps are compared with the LSZ_ Static map. 

For that purpose, ratios of zone area to the total area for all the maps are calculated. Table 7.4 

shows the results of this comparisons. 

Table 7.4: Change in Area Ratio of LHZ maps 

Maps 
Ratio of the Area of the Zone to the Total Study Area 

VL L M H VH 

LSZ_Static 0.17 0.24 0.27 0.23 0.09 

LHZ_D10 0.08 0.21 0.25 0.27 0.20 

LHZ_D50 0.06 0.19 0.24 0.27 0.25 

LHZ_D100 0.04 0.18 0.23 0.26 0.28 

LHZ_D225 0.02 0.13 0.20 0.25 0.40 

LHZ_D475 0.01 0.08 0.17 0.23 0.51 
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 Table 7.4 quantifies the impact of earthquake scenarios in LHZ mapping in terms of 

zone areas. Under the static landslide causative parameters, the Very Low (VL) and Low (L) 

susceptibility zones constitute almost 41% of the total area, whereas the corresponding figure 

for High (H) and Very High (VH) zones is 32%. With the input of earthquake scenario of 10 

years return period, there is a perceivable increment (~14%) in the area of H and VH hazard 

zones, which is compensated in terms of shrinkage of areas of VL and L hazard zones (~12%) 

and Moderate (M) hazard zone (~2%). The same trend is observed for all earthquake scenarios, 

where areas of H and VH hazard zones increase significantly as the size of input earthquake 

scenario increases. For earthquake scenarios with return periods 225 years and 475 years, the 

figures are even more astounding, when approximately 40% and 51% of the study area fall 

under the zone of VH landslide hazard respectively. The same has been shown in Fig. 7.3, 

where the percentage change of different LHZ area for different earthquake return periods are 

plotted. 

 
Fig. 7.3: Percentage change of different LHZ area for different earthquake return periods 

 From Fig. 7.3, there is a clear indication that the trend of percentage change of LHZ 

area, for all earthquake scenarios, remains the same but with varying degree. The change is 

most prominent when earthquake scenario with return period 475 years has been considered. 

Table 7.5 shows the percentage change of zone areas when scenario earthquake with return 
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period 475 years is integrated with LSZ_Static map. Even for dynamic LHZ maps under 

different seismic scenarios, the effect of earthquake size is palpable, which is shown in table 

7.6. Compared to LHZ_D10, there is a significant area gain of VH zone in LHZ_D475 (~31%). 

The negative values in tables 7.5 and 7.6 indicate the shrinkage of zone areas.  

Table 7.5: Percentage Change of LHZ Area from LHZ_Static to LHZ_D475 

Landslide Hazard Zone % change in LHZ area 

VL -15.50 

L -14.11 

M -9.64 

H -0.39 

VH 39.64 

Table 7.6: Percentage Change of LHZ Area from LHZ_D10 to LHZ_D475 

Landslide Hazard Zone % change in LHZ area 

VL -7.04 

L -12.75 

M -7.57 

H -4.50 

VH 31.86 

 It will be also interesting to examine the change in LPID values under seismic 

conditions.  For that purpose, maximum and minimum LPI values of LSZ_ Static map and 

dynamic LHZ maps are compared and percentage change in LPI (LPI) values are calculated. 

It is given in table 7.7 below: 

Table 7.7: Percentage Change of LPI values under different conditions 

LHZ Map LPImin LPImax %LPImin %LPImax 

LSZ_Static 80.0 338.0 ----- ----- 

LHZ_D10 97.5 355.5 0.125 0.096 

LHZ_D50 106.0 362.5 0.185 0.135 

LHZ_D100 108.0 369.5 0.199 0.173 

LHZ_D225 112.0 383.5 0.228 0.250 

LHZ_D475 117.0 401.0 0.263 0.346 

Table 7.7 indicates that under seismic conditions, both LPImin and LPImax increase rapidly as the 

size of the input earthquake increases. For smaller earthquakes with return periods less than 



Chapter 7  LHZ under Seismic Conditions 

 

119 
 

100 years, the increment of LPImin is more than that of LPImax. This in turn would cause lesser 

area falling in H and VH hazard zones (for earthquake scenario with 100 years return period, 

A is 22% for H and VH zones, and for 50 years return period the corresponding figure is 

15%). This shows that in such scenarios, static landslide causative factors still play the 

dominant role. However, for earthquake scenarios of 225 years and 475 years, the increase in 

both LPImin and LPImax is significant (LPImax increases by 25% and 34.6% respectively). Such 

increment transpires to a paradigm shift in LHZ mapping, especially for the zones of H and VH 

landslide hazard (A is 31% and 42% for VH zone for the two earthquake scenarios 

respectively). The present study, thus suggests that seismicity has major impact on landslide 

hazard zonation mapping for moderate to great earthquakes. 

 For a more generalized comprehension of variation of LPIminandLPImax with 

different earthquake return periods for the lower Himalayan belt, a chart has been prepared, 

which is presented in Fig. 7.4. 

 
Fig. 7.4: Percentage Change of LPImin and LPImax for Different Earthquake Return Periods 

 Consideration of a single scenario earthquake may not be adequate enough to 

understand the impact and implications of strong ground motion on landslide occurrence and 

their spatial distribution. While the landslides produced by moderate to great earthquakes are of 

catastrophic nature, one should not neglect the effect of smaller earthquake sizes in LHZ 

mapping. Smaller microseisms having very low stress drops (Sharma and Wason, 1994) 

prevent the slope from natural arresting of failures and this in turn increases the overall 
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landslide susceptibility manifold. In that context, five scenario earthquakes with varying sizes 

have been considered in the present research work, so as to quantify the role and effect of 

seismicity in LHZ mapping. 

7.4 Summary 

  This chapter includes preparation of landslide hazard zonation maps under seismic 

condition for the study area. Map combination method of LHZ mapping has been used. Five 

scenario earthquakes generated through PSHA, have been used as landslide triggering 

parameters, along with the identified preparatory causative parameters. The ranks of different 

scenario earthquakes are calculated based on normalize PGA values to reduce the subjectivity 

of weight assignment procedure. The PGA thematic maps are classified statistically, and 

weights of different thematic classes are assigned using the prepared landslide susceptibility 

scale developed for the study area. The ranks and weights of scenario earthquakes are 

numerically integrated with static causative parameters to generate the dynamic LPI (LPID), 

which is used to produce the final seismically induced LHZ maps for the study area. The 

dynamic maps are further analyzed w.r.t. LSZ_Static to quantify the role and effect of scenario 

earthquakes in LHZ mapping. The study shows that as input earthquake size increases, the 

existing landslide potential increases exponentially. This transpires to a paradigm shift in 

hazard zones from low towards very high. For earthquake scenario with return period 475 

years, the increment in LPImax is 34%, due to which   almost 51% of the study area falls in the 

zone of very high landslide hazard. The study, thus, concluded that in case of moderate to great 

earthquakes, seismicity assumes a bigger role in landslide occurrence and their spatial 

distribution in lower Himalayan belt. 
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Chapter 8 

CONCLUSIONS 

8.1 Preamble 

 The research work presents seismically induced landslide hazard zonation for the lower 

Himalayan belt, which is a major scientific challenge and a pressing societal imperative owing 

to its socio-economic aspects. Seismically induced landslides have drawn worldwide attention 

mainly due to increasing awareness and pressure of urbanization in mountain regions. 

Earthquakes are globally recognized as one of the most important landslide triggering factors, 

especially in seismically active mountain chains like the Himalaya. The frequent recurrence of 

landslide events in the Himalayan arc has been a major burden to the long term economic 

growth of the country, and necessitates accurate and updated landslide hazard zoning for this 

region. An accurate LHZ map incorporating both static and seismic factors, will be of immense 

practical use for decision based future land-use planning. 

 In this research work, eight static landslide preparatory causative parameters have been 

identified for the study area. Seismicity in terms of probabilistic scenario earthquakes, is 

considered as landslide triggering parameter. Different techniques of landslide hazard zonation 

have been explored. An integrated landslide susceptibility scale has been developed 

statistically, which is used for multi hazard integration. The research work discusses at length 

the challenges in carrying out seismically induced LHZ for the Himalayan belt and suggested a 

novel approach that considers probabilistically generated scenario earthquakes as the seismicity 

factor. A detailed seismic hazard assessment within the probabilistic frame-work has been put 

forth for the study area. The results of PSHA have been discussed in terms of peak ground 

acceleration parameter, which is further incorporated in LHZ mapping. The research wok 

presents five dynamic LHZ maps for the study area, which are analyzed to quantify the role and 

effect of seismicity in landslide occurrence and their spatial distribution in lower Indian 

Himalaya. This chapter includes the final conclusions of the present research and scope for   

future work. 

8.2 Conclusions 

 The main conclusions of the research work can be briefly summarized as follows: 

i. In seismically active mountainous regions, the transitory earth stresses, generated due to 

spatial and temporal variation of plate tectonics, are one of the strongest geodetic forces 

forming and controlling the landscapes in an area. Thus consideration of the seismicity as a 

landslide triggering factor becomes a priority in LHZ mapping for seismically active areas 
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like the Himalaya. The perceived levels of landslide hazard follow the trends of isoseismal 

maps in lower Indian Himalaya. In case of moderate to large earthquakes, seismicity 

becomes the major landslide causative parameter in the study area. 

ii. The pattern of landslide distribution depicts a strong inverse correlation with the tectonic 

features present in the study area.  

iii. Consideration of seismicity in LHZ mapping is a difficult task mainly due to lack of a 

globally recognized methodology for earthquake induced LHZ mapping, paucity of 

earthquake induced landslide inventory, rarity of an extreme earthquake event along with its 

regional and characteristic biasness, and complexity in collating various static landslide 

causative parameters with earthquake characteristics. As an alternative, strong ground 

motion parameter (PGA values) derived from PSHA studies may be used as a landslide 

triggering factor for LHZ mapping. 

iv. Use of probabilistic PGA values in LHZ mapping has two distinct advantages: it allows 

incorporation of (a) seismotectonic environment (in terms of faults and lineaments) of a 

bigger area (R~300 km) which would likely to produce earthquakes in the study area and (b) 

recorded past seismicity. The PGA values are representative of an entire range of earthquake 

sizes, rather than a single event. Thus, characteristic biasness of a single event could be 

avoided which in turn increases the applicability of the whole method. Consideration of an 

entire range of earthquake sizes quantifies the impact and implications of seismicity in 

landslide hazard comprehensively. 

 Based on the results, the present study concludes that inclusion of earthquake scenarios 

will enhance the understanding of landslide hazard with a more pragmatic vision, especially for 

seismically active mountainous belts like the Himalaya.  

 The primary outputs of the research work can be enumerated in the following points: 

i. A comprehensive landslide inventory of 1062 existing landslides has been prepared for the 

study area. The prepared inventory provides information on the location of existing 

landslides, their slope morphometry, geological units, elevation profiles and distance from 

major geological discontinuities. The inventory identifies the areas with higher landslide 

potential and forms the backbone for statistical analyses of LSZ mapping. 

ii. The results of the study quantify a strong inverse relationship between landslide distribution 

and fault distance for the lower Himalaya, which is presented in the form of an equation. 

The equation will be useful for other micro/meso-scale city specific landslide studies in the 

Himalayan region, where it is difficult to create a relevant dataset correlating fault distance 

and landslide distribution. 
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iii. An accurate and updated LSZ map has been prepared for the study area considering 8 static 

landslide causative parameters. An integrated LSZ scale correlating three statistical methods 

has been developed for the lower Himalayan region. The LSZ scale is used to incorporate 

seismic parameters in LHZ mapping. The study concludes that developed scale produces the 

best LSZ map for the study area in terms of both spatial and statistical success of the 

predictive maps. The final LSZ map shows the current level of landslide susceptibility for 

different prominent cities of Uttarakhand and Himachal Pradesh states of India.  

iv. Detailed probabilistic seismic hazard assessment of the study area has been carried out. The 

results of the PSHA study is discussed in terms of peak ground acceleration maps for five 

different scenario earthquakes. The scenario earthquakes are considered as landslide 

triggering factor for analyzing seismically induced landslide hazard in the study area. 

v. The research work presents a quantitative approach to assign ranks of different scenario 

earthquakes objectively. Five dynamic LHZ maps under seismic conditions have been 

prepared for the study area. Analyses of the dynamic LHZ maps quantify the role and 

impact of earthquakes on LHZ mapping in terms of percentage change in LPI (landslide 

potential index) and zone areas. The results of the research work shows that in case of 

moderate to great earthquakes, there is paradigm shift of hazard zones from very low 

towards very high. 

 8.3 Scope for Future Work 

 The success of any landslide hazard zonation endeavour is dependent on the quality of 

the dataset used and selection of mapping technique. In the present study, data has been 

collected from various sources, which are then collated in GIS environment. There is always 

scope to improve the quality of remote sensing data in terms of their spatial resolution and 

source to ground aspects. The selection of a particular mapping technique is dictated by the aim 

and scope of the study and the size and quality of dataset. The present research work 

incorporates both qualitative and statistical techniques of landslide hazard zonation. In future, 

machine learning techniques may be applied to such huge data set to establish correlation 

between various landslide causative parameters and landslide occurrence. The research work 

identifies zones of high landslide potential in the study area. Quantification of co-seismic 

displacements for some selected active landslides may be undertaken as a next phase of the 

study. Also, finite element based models may be applied to estimate the expected 

displacements of some selected active landslides in the study area.   
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Table A1: Landslide Inventory 

Object 

Id 
POINT_X POINT_Y Aspect 

Slope 

(Degree) 

Elevation 

(m) 
Lithology 

Drainage 

ED (m) 

Fault 

ED (m) 

Road 

ED (m) 
LULC 

1 131585.25 3456820.53 N-E 31.76 1225 Simla Gp 0 2422 1664 Sparsely Vegetated 

2 130723.26 3457059.01 E 26.54 1415 Simla Gp 848 3087 1663 Sparsely Vegetated 

3 133965.22 3454607.29 S-W 33.08 1366 Simla Gp 0 856 4322 Sparsely Vegetated 

4 132370.95 3455087.05 N-E 38.00 1364 Simla Gp 0 856 3407 Sparsely Vegetated 

5 131515.03 3454304.52 S-E 30.29 1596 Simla Gp 848 856 4192 Sparsely Vegetated 

6 131212.46 3454279.31 S-E 32.82 1690 Simla Gp 848 856 4239 Sparsely Vegetated 

7 129665.07 3454318.76 N-W 23.54 1900 Simla Gp 848 1712 3918 Sparsely Vegetated 

8 130344.08 3453645.70 S-W 35.72 1828 Simla Gp 1199 856 4148 Sparsely Vegetated 

9 130497.73 3451995.05 S-E 39.15 1691 Simla Gp 848 0 3098 Sparsely Vegetated 

10 129406.17 3451942.63 S-E 8.46 1797 Simla Gp 1199 0 2198 Sparsely Vegetated 

11 129589.25 3452462.61 E 21.17 1915 Simla Gp 1199 0 2739 Sparsely Vegetated 

12 129393.07 3452876.20 S-E 13.94 1985 Simla Gp 1199 856 2981 Sparsely Vegetated 

13 132378.55 3453578.26 W 29.64 1540 Simla Gp 0 0 4906 Sparsely Vegetated 

14 135834.71 3450876.41 N 44.67 1808 Simla Gp 1199 3425 2605 Evergreen Forest 

15 130175.36 3451633.92 S-W 32.95 1724 Simla Gp 848 856 2611 Sparsely Vegetated 

16 130227.31 3451654.62 S-W 22.19 1755 Simla Gp 848 856 2664 Sparsely Vegetated 

17 130212.94 3451714.37 S-E 14.43 1757 Simla Gp 848 856 2700 Sparsely Vegetated 

18 136246.54 3448763.83 E 17.96 1914 Simla Gp 1896 3530 820 Sparsely Vegetated 

19 134556.31 3447879.28 N-E 40.44 2100 Simla Gp 3058 1712 0 Sparsely Vegetated 

20 122539.71 3449161.30 N-W 11.95 1265 
Jaunsar Gp of W. 

Himalaya 
848 0 3049 Sparsely Vegetated 

21 128049.29 3448940.79 W 32.01 1769 
Jutogh Gp of 

W.Himalaya 
3058 1914 32 Sparsely Vegetated 

22 128660.06 3448749.27 S-E 37.38 1794 
Jutogh Gp of 

W.Himalaya 
3058 1211 160 Shrub Land 

23 128258.81 3446271.39 N 25.15 1543 
Jutogh Gp of 

W.Himalaya 
2399 3087 64 Sparsely Vegetated 

24 137055.41 3447467.61 N-E 26.00 2205 Simla Gp 2544 2422 0 Evergreen Forest 

25 133050.66 3444304.79 S 12.22 1557 
Jutogh Gp of 

W.Himalaya 
0 856 1426 Sparsely Vegetated 
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26 133105.87 3443760.14 S-W 8.27 1507 
Jutogh Gp of 

W.Himalaya 
0 856 1640 Sparsely Vegetated 

27 132911.12 3443880.44 E 29.90 1606 
Jutogh Gp of 

W.Himalaya 
0 856 1417 Sparsely Vegetated 

28 117901.40 3444610.44 S 19.20 1148 
Krol, Infrakrol & 

Blaini Formation 
1896 856 32 Sparsely Vegetated 

29 128080.08 3446104.88 S 20.58 1607 
Jutogh Gp of 

W.Himalaya 
1896 3087 0 Sparsely Vegetated 

30 131134.30 3444024.64 W 41.55 1841 
Jutogh Gp of 

W.Himalaya 
1696 1914 45 Evergreen Forest 

31 119970.92 3445438.83 S-E 25.44 1065 Simla Gp 0 1712 1793 Sparsely Vegetated 

32 123053.04 3445666.71 W 10.27 1440 
Jaunsar Gp of W. 

Himalaya 
848 856 362 Sparsely Vegetated 

33 127338.77 3446062.79 N-W 20.15 1471 
Jutogh Gp of 

W.Himalaya 
1696 2422 45 Sparsely Vegetated 

34 141600.85 3445817.35 W 41.23 1965 Simla Gp 1896 1914 1855 Evergreen Forest 

35 141645.95 3444978.20 W 32.41 1964 Simla Gp 1199 2422 1856 Evergreen Forest 

36 147567.23 3444798.61 E 24.27 2433 Simla Gp 3058 6687 453 Sparsely Vegetated 

37 133290.11 3443482.23 S-W 35.02 1539 
Jutogh Gp of 

W.Himalaya 
0 856 1925 Sparsely Vegetated 

38 133491.81 3442787.80 S-W 23.62 1411 
Jutogh Gp of 

W.Himalaya 
0 0 1941 Sparsely Vegetated 

39 134001.15 3442738.70 S 40.03 1543 
Jutogh Gp of 

W.Himalaya 
0 856 1444 Deciduous Forest 

40 132403.95 3443195.48 E 11.20 1668 
Jutogh Gp of 

W.Himalaya 
848 856 1335 Sparsely Vegetated 

41 121593.57 3442471.53 S-E 18.34 1467 Simla Gp 2399 856 0 Sparsely Vegetated 

42 121970.04 3443580.11 E 28.33 1492 Simla Gp 2399 0 32 Shrub Land 

43 133009.83 3443288.61 E 49.00 1509 
Jutogh Gp of 

W.Himalaya 
0 0 1751 Shrub Land 

44 128761.25 3442791.94 S 7.79 1383 
Jutogh Gp of 

W.Himalaya 
848 1914 1539 Sparsely Vegetated 

45 127653.04 3442837.36 S 44.88 1279 
Jutogh Gp of 

W.Himalaya 
0 1211 880 Sparsely Vegetated 

46 130511.73 3439944.72 S 19.65 1691 
Jutogh Gp of 

W.Himalaya 
2682 0 666 Deciduous Forest 

47 130534.00 3440179.68 E 16.44 1743 
Jutogh Gp of 

W.Himalaya 
2682 856 525 Sparsely Vegetated 

48 116074.90 3439819.94 E 15.71 960 Simla Gp 0 1211 1590 Sparsely Vegetated 

49 124286.23 3439945.23 S 33.50 1217 Simla Gp 0 856 3350 Sparsely Vegetated 
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50 124345.75 3440469.86 W 25.83 1246 
Jaunsar Gp of W. 

Himalaya 
0 0 3270 Shrub Land 

51 123462.32 3440374.10 S-E 27.71 1168 Simla Gp 0 856 2745 Sparsely Vegetated 

52 123431.44 3440275.22 S-E 31.60 1141 Simla Gp 0 856 2799 Sparsely Vegetated 

53 123064.15 3440168.86 S 33.87 1116 Simla Gp 0 1211 2656 Sparsely Vegetated 

54 127131.35 3439676.84 S 36.61 1633 
Jaunsar Gp of W. 

Himalaya 
2544 856 490 Sparsely Vegetated 

55 124943.17 3439655.03 S 39.45 1364 
Jaunsar Gp of W. 

Himalaya 
848 856 2648 Sparsely Vegetated 

56 127263.53 3441024.34 S-W 39.93 1416 
Jaunsar Gp of W. 

Himalaya 
1696 856 1482 Sparsely Vegetated 

57 127443.42 3440836.26 S-W 27.29 1396 
Jaunsar Gp of W. 

Himalaya 
1696 856 1258 Sparsely Vegetated 

58 135624.71 3439787.36 S 24.80 1436 Simla Gp 0 1712 0 Evergreen Forest 

59 153507.50 3439571.73 N-W 18.92 1171 Simla Gp 848 6520 8363 Sparsely Vegetated 

60 115363.22 3438539.08 S-W 25.45 878 
Subathu Fm of W. 

Himalaya 
0 2422 427 Sparsely Vegetated 

61 109993.85 3438146.11 S-W 12.22 1057 
Subathu Fm of W. 

Himalaya 
3497 856 660 Sparsely Vegetated 

62 115124.44 3438851.12 S-W 40.35 852 
Subathu Fm of W. 

Himalaya 
0 2422 258 Sparsely Vegetated 

63 129957.37 3438259.91 S-E 22.95 1689 
Jutogh Gp of 

W.Himalaya 
1896 856 1517 Sparsely Vegetated 

64 127723.54 3437874.05 S-E 11.01 1723 
Jaunsar Gp of W. 

Himalaya 
1896 0 0 Sparsely Vegetated 

65 127855.10 3438025.88 S-E 28.75 1711 
Jaunsar Gp of W. 

Himalaya 
2399 0 202 Sparsely Vegetated 

66 127359.03 3439426.61 S-W 20.88 1688 
Jaunsar Gp of W. 

Himalaya 
2544 856 302 Sparsely Vegetated 

67 126778.23 3438840.10 S-W 20.39 1505 
Jaunsar Gp of W. 

Himalaya 
2544 0 810 Sparsely Vegetated 

68 134981.69 3439199.21 S-E 37.73 1344 
Jutogh Gp of 

W.Himalaya 
0 1211 750 Sparsely Vegetated 

69 135278.26 3439162.15 S-W 16.45 1330 
Jaunsar Gp of W. 

Himalaya 
0 1211 638 Sparsely Vegetated 

70 140722.77 3439636.06 S-E 25.54 2206 Simla Gp 2399 856 0 Sparsely Vegetated 

71 133263.07 3436415.94 E 38.60 1532 
Jaunsar Gp of W. 

Himalaya 
848 856 659 Sparsely Vegetated 

72 121488.87 3435834.73 S 20.48 959 Simla Gp 0 0 4870 Sparsely Vegetated 

73 121356.91 3435906.10 S 27.19 982 Simla Gp 0 0 4781 Sparsely Vegetated 
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74 117683.00 3436880.04 S-E 24.13 984 Simla Gp 848 2707 2054 Sparsely Vegetated 

75 117686.46 3436600.01 W 19.88 954 Simla Gp 848 2707 2049 Sparsely Vegetated 

76 155752.74 3437202.33 S-W 16.82 1408 Simla Gp 848 3530 11614 Sparsely Vegetated 

77 111995.06 3435598.12 N-W 19.41 1216 
Subathu Fm of W. 

Himalaya 
2399 1914 916 Sparsely Vegetated 

78 142424.38 3437622.84 S 25.83 1751 Simla Gp 848 2569 2118 Evergreen Forest 

79 137074.85 3437579.10 S 34.84 1490 
Jaunsar Gp of W. 

Himalaya 
0 2569 32 Evergreen Forest 

80 139230.45 3437721.49 W 26.92 1941 Simla Gp 1696 856 784 Sparsely Vegetated 

81 133973.51 3435670.03 S-W 46.08 1254 
Jaunsar Gp of W. 

Himalaya 
0 856 0 Sparsely Vegetated 

82 133837.31 3436421.09 S 25.88 1333 
Jaunsar Gp of W. 

Himalaya 
0 1211 226 Sparsely Vegetated 

83 133637.50 3436553.26 S-W 32.37 1281 
Jaunsar Gp of W. 

Himalaya 
0 1914 462 Sparsely Vegetated 

84 147191.66 3436543.19 W 32.62 1212 Simla Gp 0 6849 5867 Sparsely Vegetated 

85 146316.73 3436114.84 S 31.52 1436 Simla Gp 0 5993 5798 Sparsely Vegetated 

86 107623.08 3435887.60 S-W 24.85 1151 
Lower Siwalik 

Group 
1896 856 3501 Sparsely Vegetated 

87 120942.20 3435883.57 N 23.74 1001 Simla Gp 0 0 4409 Sparsely Vegetated 

88 121495.68 3435667.85 N-E 5.06 966 Simla Gp 0 0 4807 Sparsely Vegetated 

89 127507.02 3437180.29 N-W 32.71 1646 
Jaunsar Gp of W. 

Himalaya 
1896 1211 32 Sparsely Vegetated 

90 127288.93 3437062.37 N-E 9.06 1659 
Jaunsar Gp of W. 

Himalaya 
2682 1211 32 Evergreen Forest 

91 126955.21 3437072.87 N-E 20.64 1681 Simla Gp 2682 1211 0 Shrub Land 

92 150952.07 3435741.03 S 40.95 1303 Simla Gp 0 5743 8990 Sparsely Vegetated 

93 156047.16 3436844.22 S-W 22.76 1429 Simla Gp 0 3425 12065 Sparsely Vegetated 

94 107976.53 3435494.57 E 37.73 1064 
Lower Siwalik 

Group 
1199 856 2991 Sparsely Vegetated 

95 120925.13 3435308.97 E 21.58 1054 Simla Gp 848 0 4142 Sparsely Vegetated 

96 120996.11 3435465.35 S-E 23.46 1054 Simla Gp 0 0 4291 Sparsely Vegetated 

97 120340.43 3435009.24 S-W 13.08 1154 Simla Gp 1199 856 3492 Sparsely Vegetated 

98 143664.22 3435379.30 S 50.54 1881 Simla Gp 1696 3425 3798 Sparsely Vegetated 

99 144385.03 3435350.18 Flat 28.15 1932 Simla Gp 1199 4281 4495 Sparsely Vegetated 
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100 144812.99 3435305.61 N-E 28.55 1888 Simla Gp 1696 4992 4898 Sparsely Vegetated 

101 115576.05 3433680.61 E 19.26 962 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 5137 115 Sparsely Vegetated 

102 115911.32 3433804.26 S-W 24.24 1007 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 4611 72 Sparsely Vegetated 

103 115048.76 3435528.55 W 37.12 878 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 5208 513 Sparsely Vegetated 

104 115123.16 3435314.76 S-W 30.01 898 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 5208 516 Sparsely Vegetated 

105 126432.59 3435175.67 S-W 21.91 1548 Simla Gp 1199 3087 224 Sparsely Vegetated 

106 124924.07 3434546.32 S-W 23.34 1228 
Krol, Infrakrol & 

Blaini Formation 
848 2422 1862 Sparsely Vegetated 

107 138995.62 3435373.31 S 30.03 2109 
Jaunsar Gp of W. 

Himalaya 
2399 856 32 Sparsely Vegetated 

108 151169.36 3434850.10 W 37.81 1200 Simla Gp 0 5137 9209 Sparsely Vegetated 

109 110153.48 3431856.31 N-E 30.44 780 
Lower Siwalik 

Group 
848 0 32 Sparsely Vegetated 

110 110379.80 3431837.15 W 22.51 801 
Lower Siwalik 

Group 
848 0 101 Sparsely Vegetated 

111 110436.99 3431735.98 S-W 42.86 808 
Lower Siwalik 

Group 
848 0 45 Sparsely Vegetated 

112 109939.62 3431991.51 N 23.26 751 
Lower Siwalik 

Group 
848 0 45 Sparsely Vegetated 

113 107687.02 3432084.98 S-W 21.38 730 
Lower Siwalik 

Group 
0 2569 365 Sparsely Vegetated 

114 107844.12 3432989.65 S-E 16.68 894 
Lower Siwalik 

Group 
848 2569 1255 Sparsely Vegetated 

115 109855.65 3431987.64 N-E 28.98 770 
Lower Siwalik 

Group 
848 0 0 Sparsely Vegetated 

116 106762.33 3431670.96 N 24.22 711 
Lower Siwalik 

Group 
0 3425 320 Sparsely Vegetated 

117 148465.73 3432106.19 N 37.08 1089 Simla Gp 0 2422 6049 Sparsely Vegetated 

118 120926.46 3432740.22 N 13.20 1162 
Krol, Infrakrol & 

Blaini Formation 
1896 856 3285 Sparsely Vegetated 

119 115842.71 3432752.85 W 24.00 976 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 4366 45 Sparsely Vegetated 
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120 117380.11 3432022.97 W 22.68 1263 
Subathu Fm of W. 

Himalaya 
1199 2569 0 Sparsely Vegetated 

121 109522.91 3432100.32 N 15.34 724 
Lower Siwalik 

Group 
0 856 32 Sparsely Vegetated 

122 115566.76 3433137.48 N-E 19.26 985 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 5137 0 Sparsely Vegetated 

123 114815.91 3433001.74 S-E 40.13 1023 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

848 5137 233 Deciduous Forest 

124 113904.52 3432423.16 E 32.25 1168 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1696 4281 192 Sparsely Vegetated 

125 115394.59 3431937.05 E 13.12 1054 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

848 5137 484 Shrub Land 

126 132708.71 3431753.59 S 28.37 1597 Simla Gp 1199 3087 32 Sparsely Vegetated 

127 159695.39 3433436.61 S-W 41.02 1384 Simla Gp 0 1211 13509 Sparsely Vegetated 

128 159754.98 3432526.33 E 40.69 1486 
Jaunsar Gp of W. 

Himalaya 
0 856 13098 Sparsely Vegetated 

129 158643.20 3432771.76 S-E 41.30 1683 Simla Gp 848 0 12257 Sparsely Vegetated 

130 121676.74 3430212.08 S-E 20.59 1389 
Krol, Infrakrol & 

Blaini Formation 
1696 856 2811 Sparsely Vegetated 

131 111490.58 3429938.79 W 45.66 1079 
Subathu Fm of W. 

Himalaya 
1199 1712 0 Sparsely Vegetated 

132 117874.37 3429452.53 E 27.87 1132 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 3087 187 Evergreen Forest 

133 117073.05 3431317.85 W 23.98 1113 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 3425 0 Sparsely Vegetated 

134 118208.31 3430810.71 S-W 20.07 1282 
Subathu Fm of W. 

Himalaya 
848 1712 0 Shrub Land 

135 119206.14 3430763.50 S-E 19.56 1343 
Subathu Fm of W. 

Himalaya 
1199 856 859 Sparsely Vegetated 

136 146123.59 3429887.24 N 50.14 1194 Simla Gp 0 3087 4418 Shrub Land 

137 146934.68 3430227.99 N 37.32 1296 Simla Gp 848 2422 4402 Sparsely Vegetated 

138 147112.27 3430099.62 N-E 40.67 1293 Simla Gp 848 2422 4221 Sparsely Vegetated 

139 147279.69 3430433.71 S-W 27.98 1226 Simla Gp 848 2422 4486 Sparsely Vegetated 

140 147363.26 3430292.12 S-W 35.02 1201 Simla Gp 848 1914 4339 Sparsely Vegetated 
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141 148870.68 3431425.86 S-E 39.35 1185 Simla Gp 0 2422 5368 Sparsely Vegetated 

142 113333.90 3428101.60 S 35.61 1192 
Subathu Fm of W. 

Himalaya 
0 3425 273 Sparsely Vegetated 

143 132321.12 3427872.87 S 25.84 1051 
Krol, Infrakrol & 

Blaini Formation 
0 6054 0 Sparsely Vegetated 

144 130856.47 3429118.91 S-E 24.92 1331 
Krol, Infrakrol & 

Blaini Formation 
848 5415 417 Sparsely Vegetated 

145 121575.55 3427951.30 W 36.17 1776 
Krol, Infrakrol & 

Blaini Formation 
1896 1914 1404 Deciduous Forest 

146 121625.69 3427677.96 S-W 17.20 1733 
Krol, Infrakrol & 

Blaini Formation 
1199 1211 1229 Sparsely Vegetated 

147 121790.86 3427714.36 S-W 33.10 1786 
Krol, Infrakrol & 

Blaini Formation 
1896 1211 1376 Sparsely Vegetated 

148 108063.48 3427626.03 E 22.08 745 
Lower Siwalik 

Group 
1696 1712 2204 Sparsely Vegetated 

149 111630.25 3428059.42 S 31.57 1007 
Lower Siwalik 

Group 
0 1712 588 Sparsely Vegetated 

150 118207.53 3428640.68 E 22.68 1171 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 3087 458 Sparsely Vegetated 

151 118628.82 3428126.26 N-E 5.51 1178 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 3087 673 Sparsely Vegetated 

152 117956.73 3428953.66 N-E 28.44 1167 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

848 3087 244 Evergreen Forest 

153 139500.47 3427565.78 S-E 28.44 1693 
Jaunsar Gp of W. 

Himalaya 
1199 3425 4750 Sparsely Vegetated 

154 151656.56 3428993.16 S-E 29.51 1556 
Jaunsar Gp of W. 

Himalaya 
0 856 4398 Sparsely Vegetated 

155 161722.45 3427902.01 S 26.64 2204 
Jaunsar Gp of W. 

Himalaya 
1199 4366 13468 Evergreen Forest 

156 135670.49 3425616.15 S 39.45 984 
Krol, Infrakrol & 

Blaini Formation 
0 6174 3284 Sparsely Vegetated 

157 130917.74 3426499.38 E 17.44 1417 
Krol, Infrakrol & 

Blaini Formation 
848 4281 295 Sparsely Vegetated 

158 123502.89 3425513.99 W 38.68 1808 
Krol, Infrakrol & 

Blaini Formation 
2399 1211 724 Sparsely Vegetated 

159 123396.83 3425727.57 W 38.78 1789 
Krol, Infrakrol & 

Blaini Formation 
2399 1211 930 Deciduous Forest 

160 122455.82 3426773.65 S-W 26.23 1705 
Krol, Infrakrol & 

Blaini Formation 
1696 1914 1576 Sparsely Vegetated 
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161 122380.29 3426856.87 S-W 30.75 1712 
Krol, Infrakrol & 

Blaini Formation 
1896 1914 1539 Sparsely Vegetated 

162 126465.79 3425851.81 N-E 16.62 1529 
Krol, Infrakrol & 

Blaini Formation 
1896 0 0 Sparsely Vegetated 

163 126303.81 3425777.57 S-W 21.96 1521 
Krol, Infrakrol & 

Blaini Formation 
1896 0 45 Sparsely Vegetated 

164 111409.84 3426139.81 S-W 35.70 1037 
Lower Siwalik 

Group 
1199 1712 1482 Sparsely Vegetated 

165 110160.56 3425816.98 S-W 29.08 1056 
Lower Siwalik 

Group 
1696 0 1975 Sparsely Vegetated 

166 111320.71 3426431.93 W 27.02 1044 
Lower Siwalik 

Group 
1199 856 1180 Shrub Land 

167 110016.07 3426180.90 N-W 28.43 1041 
Lower Siwalik 

Group 
1896 0 1749 Sparsely Vegetated 

168 107619.30 3426303.22 E 17.92 680 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

848 2569 2281 Sparsely Vegetated 

169 107323.74 3425635.12 S 15.47 667 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 2569 1682 Sparsely Vegetated 

170 115992.13 3425576.37 S-E 25.59 1627 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

3058 5415 0 Sparsely Vegetated 

171 110339.27 3425442.56 S-W 32.37 1048 
Lower Siwalik 

Group 
1696 0 2257 Sparsely Vegetated 

172 120381.07 3427153.57 S-W 23.32 1327 
Subathu Fm of W. 

Himalaya 
0 2422 0 Sparsely Vegetated 

173 123645.15 3427324.92 E 22.41 1476 
Krol, Infrakrol & 

Blaini Formation 
1199 0 2336 Evergreen Forest 

174 135521.13 3425504.02 S-E 21.96 1002 
Krol, Infrakrol & 

Blaini Formation 
0 6174 3326 Sparsely Vegetated 

175 139140.25 3425570.17 S 37.87 1258 Simla Gp 848 5137 4349 Sparsely Vegetated 

176 140405.68 3426168.75 E 22.53 1062 Simla Gp 0 5208 4877 Sparsely Vegetated 

177 140633.40 3426343.08 S 12.14 1080 Simla Gp 0 4611 5057 Sparsely Vegetated 

178 124315.15 3424040.57 S-W 39.32 1830 
Krol, Infrakrol & 

Blaini Formation 
2682 1914 64 Sparsely Vegetated 

179 124317.67 3423946.06 S-W 19.63 1763 
Krol, Infrakrol & 

Blaini Formation 
2682 1914 32 Sparsely Vegetated 

180 125751.19 3424293.34 S 28.86 1640 
Krol, Infrakrol & 

Blaini Formation 
1199 1211 32 Sparsely Vegetated 

181 113188.85 3423839.73 N-W 45.70 1225 
Lower Siwalik 

Group 
1896 2569 2514 Evergreen Forest 
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182 113352.53 3424176.66 S 34.83 1268 
Subathu Fm of W. 

Himalaya 
1896 2569 2164 Sparsely Vegetated 

183 114065.86 3424353.86 S-W 49.01 1457 
Subathu Fm of W. 

Himalaya 
3058 3425 1539 Evergreen Forest 

184 113587.16 3424430.16 S-E 32.89 1417 
Subathu Fm of W. 

Himalaya 
2399 2569 1830 Sparsely Vegetated 

185 115754.30 3424789.06 E 31.19 1499 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

3058 5208 528 Sparsely Vegetated 

186 109863.50 3424158.80 W 30.51 765 
Lower Siwalik 

Group 
848 856 1360 Sparsely Vegetated 

187 107841.84 3424461.72 S 27.34 630 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

848 2707 1088 Deciduous Forest 

188 111649.60 3424942.56 W 33.33 1071 
Lower Siwalik 

Group 
1696 1211 2694 Deciduous Forest 

189 118251.48 3423484.95 S-E 20.33 1175 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1696 6687 375 Deciduous Forest 

190 136299.24 3424700.85 S-W 22.78 928 
Krol, Infrakrol & 

Blaini Formation 
0 6520 4411 Sparsely Vegetated 

191 135889.48 3423780.94 E 22.62 1302 
Krol, Infrakrol & 

Blaini Formation 
848 6054 4835 Sparsely Vegetated 

192 141713.24 3423866.40 S 33.25 1188 Simla Gp 0 5415 2989 Sparsely Vegetated 

193 146633.02 3424730.57 S-E 32.65 1553 
Jaunsar Gp of W. 

Himalaya 
848 1211 1728 Sparsely Vegetated 

194 145048.01 3423561.34 S-E 27.94 1412 
Jaunsar Gp of W. 

Himalaya 
0 1914 3296 Sparsely Vegetated 

195 145191.19 3423618.58 S 34.11 1418 
Jaunsar Gp of W. 

Himalaya 
0 1914 3136 Sparsely Vegetated 

196 163840.40 3424873.66 S-W 42.78 2462 
Jutogh Gp of 

W.Himalaya 
848 7658 15456 Evergreen Forest 

197 168562.63 3423913.27 N-E 32.44 2252 
Jutogh Gp of 

W.Himalaya 
0 6054 14584 Evergreen Forest 

198 117501.57 3422657.65 Flat 0.89 722 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

848 6520 32 Sparsely Vegetated 

199 127205.65 3421598.92 E 16.40 1640 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

848 1712 45 Sparsely Vegetated 

200 126899.89 3421661.46 S 26.61 1681 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

848 1712 32 Sparsely Vegetated 
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201 127046.58 3421624.54 S 28.69 1658 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

848 1712 32 Sparsely Vegetated 

202 126786.35 3421672.22 S-W 23.84 1659 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

848 1712 32 Sparsely Vegetated 

203 126651.25 3421749.72 S-W 32.98 1650 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

848 2422 0 Sparsely Vegetated 

204 125907.28 3422319.22 S 31.23 1652 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1199 1914 0 Sparsely Vegetated 

205 125757.73 3422365.51 S 29.87 1670 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1199 2422 32 Sparsely Vegetated 

206 125669.70 3422253.51 S-W 20.98 1586 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1896 2422 96 Sparsely Vegetated 

207 125408.96 3422763.78 S-W 18.52 1652 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1696 2422 0 Sparsely Vegetated 

208 125282.35 3422909.55 S 35.82 1711 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1696 1914 0 Sparsely Vegetated 

209 125137.53 3422878.23 W 26.23 1646 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1696 1914 0 Sparsely Vegetated 

210 125055.78 3423013.18 S-W 40.13 1679 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1696 1914 32 Sparsely Vegetated 

211 112865.02 3422604.07 S-W 35.56 1163 
Lower Siwalik 

Group 
1199 1712 1953 Sparsely Vegetated 

212 113060.74 3422854.97 N 36.33 1128 
Lower Siwalik 

Group 
1696 2569 2178 Shrub Land 

213 112858.52 3421185.92 S-W 32.71 952 
Lower Siwalik 

Group 
1896 1712 521 Sparsely Vegetated 

214 130696.69 3421725.82 S-W 24.12 1412 
Krol, Infrakrol & 

Blaini Formation 
848 856 3520 Sparsely Vegetated 

215 131863.61 3421298.55 S 18.51 1399 
Krol, Infrakrol & 

Blaini Formation 
2544 1211 4683 Sparsely Vegetated 

216 136408.23 3421172.86 S-E 26.23 1101 
Krol, Infrakrol & 

Blaini Formation 
848 4843 3649 Sparsely Vegetated 

217 136826.15 3421386.62 S-E 33.46 1066 
Krol, Infrakrol & 

Blaini Formation 
0 4843 3233 Sparsely Vegetated 
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218 110733.90 3422752.97 S-E 33.23 864 
Lower Siwalik 

Group 
0 0 373 Sparsely Vegetated 

219 118112.34 3423226.71 S 18.98 1158 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

848 6849 405 Sparsely Vegetated 

220 124913.81 3423145.92 W 28.03 1633 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1696 2422 0 Sparsely Vegetated 

221 129131.10 3421301.91 S-W 28.95 1183 
Krol, Infrakrol & 

Blaini Formation 
0 0 1978 Sparsely Vegetated 

222 127055.44 3421984.32 N-E 35.91 1640 
Krol, Infrakrol & 

Blaini Formation 
848 1211 0 Sparsely Vegetated 

223 146313.62 3421205.91 E 31.58 1335 
Jaunsar Gp of W. 

Himalaya 
0 856 1763 Sparsely Vegetated 

224 150452.62 3423161.48 S-E 24.11 1855 
Jutogh Gp of 

W.Himalaya 
848 2422 2112 Sparsely Vegetated 

225 117468.43 3420648.43 E 26.57 1112 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 6054 45 Sparsely Vegetated 

226 117726.05 3420692.49 E 31.44 1014 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 6054 202 Sparsely Vegetated 

227 117546.81 3420378.59 E 28.23 1144 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 6054 32 Sparsely Vegetated 

228 117438.21 3420179.66 S 30.03 1100 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 5743 32 Sparsely Vegetated 

229 117313.41 3419230.35 N 39.17 914 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 4611 429 Shrub Land 

230 118373.56 3420143.16 S-W 32.62 1021 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 6520 737 Shrub Land 

231 134024.07 3420728.69 S-W 20.66 1222 
Krol, Infrakrol & 

Blaini Formation 
1199 2422 6041 Sparsely Vegetated 

232 115881.23 3419639.16 S-E 28.02 1407 
Subathu Fm of W. 

Himalaya 
1199 4281 800 Sparsely Vegetated 

233 117287.77 3419747.86 S-E 33.61 935 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 4992 226 Sparsely Vegetated 

234 116904.62 3419332.35 S-E 31.89 1031 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

848 4611 32 Sparsely Vegetated 
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235 117605.76 3419832.12 S-E 19.73 936 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 5743 290 Sparsely Vegetated 

236 135889.66 3420662.36 S 34.05 1045 
Krol, Infrakrol & 

Blaini Formation 
848 3632 4204 Sparsely Vegetated 

237 138728.48 3419337.64 E 27.18 1185 
Krol, Infrakrol & 

Blaini Formation 
848 4611 2080 Sparsely Vegetated 

238 144865.83 3420336.27 E 36.64 1585 
Jaunsar Gp of W. 

Himalaya 
1199 856 891 Sparsely Vegetated 

239 116343.82 3417589.78 N-W 45.02 1029 
Subathu Fm of W. 

Himalaya 
0 3087 747 Sparsely Vegetated 

240 116280.85 3417415.83 W 38.66 1090 
Subathu Fm of W. 

Himalaya 
848 3087 859 Sparsely Vegetated 

241 123060.08 3418322.91 S 22.78 1409 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

2544 6903 1219 Sparsely Vegetated 

242 123009.42 3418328.40 S 23.68 1406 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

2544 6903 1250 Sparsely Vegetated 

243 122976.33 3418258.29 S 29.28 1366 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

2544 6903 1328 Sparsely Vegetated 

244 122949.06 3418398.42 S-W 27.09 1430 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1696 6903 1299 Sparsely Vegetated 

245 175778.48 3417645.33 N 38.09 1914 
Jaunsar Gp of W. 

Himalaya 
848 4281 5282 Sparsely Vegetated 

246 115097.87 3418142.77 S-E 22.11 783 
Subathu Fm of W. 

Himalaya 
0 2707 224 Sparsely Vegetated 

247 114999.68 3418422.32 S-W 21.90 861 
Subathu Fm of W. 

Himalaya 
848 2707 32 Deciduous Forest 

248 115219.01 3418368.12 S 16.39 885 
Subathu Fm of W. 

Himalaya 
848 2707 32 Sparsely Vegetated 

249 114875.34 3417773.18 N-E 32.33 721 
Subathu Fm of W. 

Himalaya 
0 2707 618 Evergreen Forest 

250 114566.76 3418225.31 S-E 27.29 773 
Subathu Fm of W. 

Himalaya 
0 1914 202 Sparsely Vegetated 

251 116510.50 3418893.79 S 22.88 1035 
Subathu Fm of W. 

Himalaya 
0 4611 64 Sparsely Vegetated 

252 116497.74 3419109.03 E 30.18 1034 
Subathu Fm of W. 

Himalaya 
0 4611 45 Sparsely Vegetated 

253 121133.37 3419132.63 S 40.17 1491 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1896 7894 3136 Sparsely Vegetated 
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254 140965.27 3417602.08 S-W 37.78 964 
Krol, Infrakrol & 

Blaini Formation 
0 5208 994 Sparsely Vegetated 

255 127472.73 3415476.50 S-W 34.62 1329 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

2544 6054 45 Sparsely Vegetated 

256 114951.84 3414345.86 S-E 32.74 866 
Lower Siwalik 

Group 
3058 856 3921 Sparsely Vegetated 

257 169660.34 3413739.58 S-W 31.48 2052 
Jutogh Gp of 

W.Himalaya 
0 0 11180 Sparsely Vegetated 

258 128313.36 3414699.61 W 32.01 1470 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

2544 6054 0 Sparsely Vegetated 

259 114577.30 3414678.76 S-W 32.85 881 
Lower Siwalik 

Group 
2399 0 3471 Sparsely Vegetated 

260 116223.49 3415055.27 S 23.78 1118 
Subathu Fm of W. 

Himalaya 
2544 1712 3152 Sparsely Vegetated 

261 117433.72 3414195.04 S-W 35.08 1142 
Subathu Fm of W. 

Himalaya 
3793 2422 4285 Sparsely Vegetated 

262 121522.08 3414405.02 E 27.79 916 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 4992 4033 Sparsely Vegetated 

263 135106.39 3414375.77 S-W 23.31 1408 
Krol, Infrakrol & 

Blaini Formation 
1896 0 4924 Sparsely Vegetated 

264 147884.64 3414201.11 S-W 30.60 1744 
Jutogh Gp of 

W.Himalaya 
1896 1211 1231 Sparsely Vegetated 

265 142097.79 3413567.15 N-E 21.63 1040 
Krol, Infrakrol & 

Blaini Formation 
0 4843 1083 Sparsely Vegetated 

266 148733.50 3413286.02 S-E 32.44 1584 
Jutogh Gp of 

W.Himalaya 
848 1211 544 Sparsely Vegetated 

267 149044.02 3413108.63 S-E 43.02 1487 
Jutogh Gp of 

W.Himalaya 
0 856 224 Sparsely Vegetated 

268 151659.20 3412954.64 E 33.01 1229 
Jutogh Gp of 

W.Himalaya 
0 856 2401 Sparsely Vegetated 

269 156169.88 3415067.73 S-W 22.01 2122 
Jutogh Gp of 

W.Himalaya 
848 4611 6942 Sparsely Vegetated 

270 178325.44 3413364.54 S 34.98 1173 
Deoban Gp of W. 

India 
0 8432 2528 Sparsely Vegetated 

271 185543.39 3409138.22 S 38.02 959 
Deoban Gp of W. 

India 
848 4281 32 Evergreen Forest 

272 180007.17 3409291.46 N-W 41.76 910 
Jaunsar Gp of W. 

Himalaya 
0 6687 1385 Sparsely Vegetated 

273 179229.39 3409290.68 S 35.39 1107 
Jaunsar Gp of W. 

Himalaya 
0 7365 2173 Sparsely Vegetated 
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274 163782.83 3409929.02 W 24.70 2011 
Jutogh Gp of 

W.Himalaya 
1696 1712 14680 Sparsely Vegetated 

275 163541.39 3410110.25 S 37.24 1973 
Jutogh Gp of 

W.Himalaya 
1696 2422 14408 Sparsely Vegetated 

276 163462.51 3410167.93 S 26.99 1999 
Jutogh Gp of 

W.Himalaya 
1696 2422 14338 Sparsely Vegetated 

277 163289.08 3410072.53 S-E 39.92 2027 
Jutogh Gp of 

W.Himalaya 
1696 2422 14157 Sparsely Vegetated 

278 162984.18 3409887.21 S-E 38.92 2041 
Jutogh Gp of 

W.Himalaya 
1696 1712 13892 Sparsely Vegetated 

279 161616.12 3409288.53 S-E 37.95 1599 
Jutogh Gp of 

W.Himalaya 
848 856 12616 Sparsely Vegetated 

280 161064.59 3409407.75 S 33.92 1630 
Jutogh Gp of 

W.Himalaya 
0 856 12064 Sparsely Vegetated 

281 161388.15 3409322.57 S-W 36.14 1620 
Jutogh Gp of 

W.Himalaya 
848 856 12390 Sparsely Vegetated 

282 138544.15 3409529.22 S-W 33.33 1636 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1896 0 5340 Sparsely Vegetated 

283 145801.54 3409355.18 N-E 42.84 833 
Krol, Infrakrol & 

Blaini Formation 
0 5482 559 Sparsely Vegetated 

284 154288.67 3408519.83 S-E 43.56 1997 
Jutogh Gp of 

W.Himalaya 
1896 1211 5911 Sparsely Vegetated 

285 156456.77 3409194.96 S-W 40.89 1427 
Jutogh Gp of 

W.Himalaya 
848 0 7630 Evergreen Forest 

286 162819.26 3409707.35 S-E 33.94 1988 
Jutogh Gp of 

W.Himalaya 
848 1712 13754 Sparsely Vegetated 

287 165347.68 3409283.21 N 31.31 1810 
Jutogh Gp of 

W.Himalaya 
1199 1211 15820 Sparsely Vegetated 

288 168087.17 3409307.11 W 8.89 2406 
Jaunsar Gp of W. 

Himalaya 
3393 0 13136 Sparsely Vegetated 

289 168952.64 3409539.06 S-E 40.92 2490 
Jaunsar Gp of W. 

Himalaya 
3058 0 12247 Sparsely Vegetated 

290 172776.37 3408626.49 S 40.61 1900 
Jaunsar Gp of W. 

Himalaya 
1896 3530 8623 Sparsely Vegetated 

291 174387.88 3407517.77 S 40.93 1743 
Jaunsar Gp of W. 

Himalaya 
1199 5415 7244 Sparsely Vegetated 

292 174566.06 3407772.32 E 37.32 1671 
Jaunsar Gp of W. 

Himalaya 
1199 5415 7010 Sparsely Vegetated 

293 174681.31 3407805.21 S-E 42.11 1635 
Jaunsar Gp of W. 

Himalaya 
1199 5415 6910 Sparsely Vegetated 

294 175488.33 3407728.62 S 43.28 1474 
Jaunsar Gp of W. 

Himalaya 
1696 6174 6134 Sparsely Vegetated 
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295 176023.49 3408208.29 S 39.10 1465 
Jaunsar Gp of W. 

Himalaya 
1896 6903 5513 Sparsely Vegetated 

296 149411.51 3407628.03 S 34.35 1150 
Jaunsar Gp of W. 

Himalaya 
848 4281 2422 Sparsely Vegetated 

297 117956.97 3406893.98 N 22.46 717 
Lower Siwalik 

Group 
0 856 32 Sparsely Vegetated 

298 118859.99 3407685.75 S-W 22.86 727 
Subathu Fm of W. 

Himalaya 
0 1914 1135 Sparsely Vegetated 

299 118924.65 3408237.35 N-E 21.98 663 
Subathu Fm of W. 

Himalaya 
0 1914 1391 Shrub Land 

300 128812.32 3407259.58 S 17.82 996 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

848 4992 480 Sparsely Vegetated 

301 173030.00 3408394.55 S-W 46.51 1863 
Jaunsar Gp of W. 

Himalaya 
1896 4281 8410 Sparsely Vegetated 

302 176187.45 3407350.98 S-W 38.31 1310 
Jaunsar Gp of W. 

Himalaya 
848 7315 5508 Sparsely Vegetated 

303 165169.42 3405649.21 S 45.40 1856 
Jutogh Gp of 

W.Himalaya 
848 2569 12756 Evergreen Forest 

304 164981.82 3405622.07 S 26.76 1837 
Jutogh Gp of 

W.Himalaya 
848 2569 12675 Evergreen Forest 

305 164823.87 3405836.11 S-E 44.27 1886 
Jutogh Gp of 

W.Himalaya 
1199 1712 12849 Sparsely Vegetated 

306 164658.28 3405660.86 S-E 36.58 1873 
Jutogh Gp of 

W.Himalaya 
0 2569 12621 Sparsely Vegetated 

307 163909.75 3405349.06 S 37.38 1812 
Jutogh Gp of 

W.Himalaya 
0 2569 12116 Sparsely Vegetated 

308 163371.12 3405724.64 S-E 32.01 1762 
Jutogh Gp of 

W.Himalaya 
848 1712 12343 Sparsely Vegetated 

309 163215.96 3405628.05 S-E 27.03 1693 
Jutogh Gp of 

W.Himalaya 
0 2569 12209 Sparsely Vegetated 

310 162857.73 3405817.57 S 42.53 1632 
Jutogh Gp of 

W.Himalaya 
848 1712 12302 Sparsely Vegetated 

311 162746.78 3405830.62 S 54.62 1653 
Jutogh Gp of 

W.Himalaya 
848 1712 12268 Sparsely Vegetated 

312 162656.94 3405837.15 S 39.82 1645 
Jutogh Gp of 

W.Himalaya 
848 1712 12282 Sparsely Vegetated 

313 162277.64 3406684.91 S 33.97 1636 
Jutogh Gp of 

W.Himalaya 
1199 856 12981 Built-up 

314 134694.10 3405159.78 S-W 29.40 1608 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1696 5415 45 Sparsely Vegetated 
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315 134614.78 3405209.99 S-W 20.88 1589 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1696 5415 0 Sparsely Vegetated 

316 187219.28 3405002.10 S 43.05 799 
Manjir Fm of W. 

Himalaya 
0 1211 32 Sparsely Vegetated 

317 116729.73 3405694.48 W 0.90 722 
Lower Siwalik 

Group 
1199 1211 32 Deciduous Forest 

318 117809.61 3406312.30 E 19.81 752 
Lower Siwalik 

Group 
848 0 0 Sparsely Vegetated 

319 119669.97 3405024.80 N 30.22 850 
Lower Siwalik 

Group 
848 856 96 Sparsely Vegetated 

320 119231.37 3405113.80 N 23.34 856 
Lower Siwalik 

Group 
848 856 32 Sparsely Vegetated 

321 119598.12 3405682.46 S-W 28.46 729 
Lower Siwalik 

Group 
0 856 703 Sparsely Vegetated 

322 118376.65 3405616.31 N-E 16.36 711 
Lower Siwalik 

Group 
848 0 358 Sparsely Vegetated 

323 119672.60 3406015.86 N 29.72 666 
Subathu Fm of W. 

Himalaya 
0 1211 1017 Sparsely Vegetated 

324 117858.53 3405336.05 S-W 26.47 803 
Lower Siwalik 

Group 
1199 856 45 Sparsely Vegetated 

325 118148.93 3405068.35 S-W 18.00 763 
Lower Siwalik 

Group 
848 856 192 Sparsely Vegetated 

326 141450.64 3405785.69 S-W 13.96 1454 
Krol, Infrakrol & 

Blaini Formation 
1696 856 4937 Sparsely Vegetated 

327 141635.71 3405015.67 S 21.99 1414 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1199 0 5123 Sparsely Vegetated 

328 149379.36 3405015.75 S 27.46 1157 
Jaunsar Gp of W. 

Himalaya 
848 4843 1863 Sparsely Vegetated 

329 149629.73 3404612.42 S-W 27.04 1120 
Jaunsar Gp of W. 

Himalaya 
848 4281 2080 Sparsely Vegetated 

330 156607.22 3405095.27 S 33.83 1053 
Jaunsar Gp of W. 

Himalaya 
848 4281 9059 Sparsely Vegetated 

331 188548.73 3403098.91 S-W 57.38 742 
Manjir Fm of W. 

Himalaya 
0 1211 32 Sparsely Vegetated 

332 151933.84 3402979.39 S-W 27.26 1016 
Jaunsar Gp of W. 

Himalaya 
0 4281 4384 Sparsely Vegetated 

333 158107.34 3403373.15 S 40.93 1247 
Jaunsar Gp of W. 

Himalaya 
1199 5415 9088 Sparsely Vegetated 

334 187653.19 3403576.65 S-W 42.75 739 
Manjir Fm of W. 

Himalaya 
0 856 0 Sparsely Vegetated 

335 188610.75 3402708.79 S-W 28.11 732 
Manjir Fm of W. 

Himalaya 
0 1211 0 Sparsely Vegetated 
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336 158456.97 3401346.10 N 13.30 1745 
Krol, Infrakrol & 

Blaini Formation 
3058 6520 7041 Sparsely Vegetated 

337 145215.50 3400114.29 S 26.84 1121 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

848 1914 2304 Sparsely Vegetated 

338 145280.76 3400136.81 S 33.04 1127 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

848 1914 2208 Sparsely Vegetated 

339 159949.71 3402427.57 S 37.04 1833 
Jaunsar Gp of W. 

Himalaya 
2399 5743 8284 Sparsely Vegetated 

340 160101.72 3402514.97 S 30.83 1845 
Jaunsar Gp of W. 

Himalaya 
2399 5743 8410 Sparsely Vegetated 

341 160407.04 3402469.84 S-E 24.43 1832 
Jaunsar Gp of W. 

Himalaya 
2399 5415 8413 Sparsely Vegetated 

342 160376.48 3402439.04 S-E 20.88 1832 
Jaunsar Gp of W. 

Himalaya 
2399 5415 8374 Sparsely Vegetated 

343 160513.98 3402522.59 S-E 30.81 1815 
Jaunsar Gp of W. 

Himalaya 
1896 5415 8506 Sparsely Vegetated 

344 163497.22 3402499.89 S 45.46 1657 
Krol, Infrakrol & 

Blaini Formation 
848 5137 9262 Sparsely Vegetated 

345 163673.68 3402509.78 S-E 29.91 1654 
Krol, Infrakrol & 

Blaini Formation 
848 5137 9336 Sparsely Vegetated 

346 163985.26 3402315.59 S-E 30.12 1678 
Krol, Infrakrol & 

Blaini Formation 
848 5137 9235 Sparsely Vegetated 

347 164100.52 3402370.89 S 47.60 1704 
Krol, Infrakrol & 

Blaini Formation 
848 5137 9299 Sparsely Vegetated 

348 125794.94 3400726.92 S-W 29.46 1032 
Subathu Fm of W. 

Himalaya 
848 1712 1645 Sparsely Vegetated 

349 125284.48 3401238.70 S-W 18.99 1056 
Subathu Fm of W. 

Himalaya 
1199 1712 1409 Sparsely Vegetated 

350 193756.76 3401823.65 S 34.96 1786 
Manjir Fm of W. 

Himalaya 
1199 4611 3310 Sparsely Vegetated 

351 194012.24 3401721.09 S 33.73 1784 
Manjir Fm of W. 

Himalaya 
1199 4611 3364 Sparsely Vegetated 

352 194833.58 3401619.09 S 36.50 1836 
Manjir Fm of W. 

Himalaya 
1896 4992 3824 Sparsely Vegetated 

353 195296.91 3401170.60 S-E 30.98 1879 
Manjir Fm of W. 

Himalaya 
3058 4843 3906 Sparsely Vegetated 

354 157772.12 3401936.35 E 17.25 1541 
Krol, Infrakrol & 

Blaini Formation 
1896 6903 7656 Shrub Land 

355 157837.14 3401567.86 N 36.58 1582 
Krol, Infrakrol & 

Blaini Formation 
1896 6903 7270 Shrub Land 

356 122454.07 3402281.42 S-E 32.03 889 
Lower Siwalik 

Group 
1696 1211 1122 Sparsely Vegetated 
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357 123479.71 3401462.27 W 28.17 997 
Subathu Fm of W. 

Himalaya 
1896 1914 1954 Sparsely Vegetated 

358 126001.70 3401763.24 N-W 29.30 853 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 856 607 Sparsely Vegetated 

359 149443.04 3402356.24 E 55.31 1272 
Krol, Infrakrol & 

Blaini Formation 
848 3087 1920 Sparsely Vegetated 

360 158280.64 3402388.04 S-W 32.65 1418 
Jaunsar Gp of W. 

Himalaya 
1896 6233 8096 Sparsely Vegetated 

361 157826.99 3401090.41 S 30.03 1687 
Krol, Infrakrol & 

Blaini Formation 
2399 6174 6790 Sparsely Vegetated 

362 155297.63 3401329.84 S 40.32 1036 
Jaunsar Gp of W. 

Himalaya 
848 4843 7238 Sparsely Vegetated 

363 153133.31 3400095.10 N 39.53 786 
Krol, Infrakrol & 

Blaini Formation 
0 2707 5632 Sparsely Vegetated 

364 188873.39 3402122.87 S-W 55.47 737 
Manjir Fm of W. 

Himalaya 
0 856 32 Sparsely Vegetated 

365 146603.83 3399070.00 S-E 27.35 1144 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1199 1211 800 Sparsely Vegetated 

366 146880.23 3399294.12 S-W 23.43 1292 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1199 1211 567 Sparsely Vegetated 

367 146993.20 3399177.82 S-W 27.82 1280 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1896 1211 421 Sparsely Vegetated 

368 184640.63 3398730.66 S-E 44.57 1805 
Jaunsar Gp of W. 

Himalaya 
3393 3829 0 Sparsely Vegetated 

369 125994.45 3399747.11 N-E 16.32 834 
Subathu Fm of W. 

Himalaya 
1696 1211 2599 Sparsely Vegetated 

370 129626.79 3399813.53 S-E 21.16 1137 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1896 1211 4066 Shrub Land 

371 154523.67 3399028.73 S-E 34.08 918 
Jaunsar Gp of W. 

Himalaya 
0 3087 5092 Sparsely Vegetated 

372 188541.56 3399986.51 W 52.42 776 
Jaunsar Gp of W. 

Himalaya 
0 856 32 Sparsely Vegetated 

373 183949.01 3398992.42 S-W 31.52 1798 
Jaunsar Gp of W. 

Himalaya 
2682 4366 91 Sparsely Vegetated 

374 192297.44 3396735.26 S 33.38 809 
Jaunsar Gp of W. 

Himalaya 
0 0 345 Sparsely Vegetated 

375 201859.84 3396251.04 S-E 31.08 1863 
Jaunsar Gp of W. 

Himalaya 
2682 2569 224 Sparsely Vegetated 
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376 201699.79 3396351.66 S 23.18 1969 
Jaunsar Gp of W. 

Himalaya 
3497 3425 132 Sparsely Vegetated 

377 201240.76 3396808.34 S-W 35.51 2046 
Jaunsar Gp of W. 

Himalaya 
3497 3425 0 Built-up 

378 150976.94 3397939.11 S-W 9.15 1546 
Krol, Infrakrol & 

Blaini Formation 
2399 0 3662 Sparsely Vegetated 

379 195568.50 3398175.69 S 38.25 1745 
Manjir Fm of W. 

Himalaya 
1696 3530 1811 Sparsely Vegetated 

380 195614.13 3397838.96 S-W 43.54 1714 
Manjir Fm of W. 

Himalaya 
1696 3087 1694 Sparsely Vegetated 

381 195863.00 3397696.57 S 45.78 1723 
Manjir Fm of W. 

Himalaya 
1696 3087 1886 Sparsely Vegetated 

382 196403.93 3397081.31 N-E 29.54 1615 
Jaunsar Gp of W. 

Himalaya 
848 2569 1979 Sparsely Vegetated 

383 196047.61 3397665.76 S 33.44 1688 
Manjir Fm of W. 

Himalaya 
1696 3087 2065 Sparsely Vegetated 

384 196386.94 3396979.75 E 26.19 1621 
Jaunsar Gp of W. 

Himalaya 
848 2569 1944 Sparsely Vegetated 

385 195260.51 3397218.79 S 35.54 1499 
Jaunsar Gp of W. 

Himalaya 
1696 3087 1216 Sparsely Vegetated 

386 196691.09 3395923.55 E 29.19 1610 
Jaunsar Gp of W. 

Himalaya 
848 1712 1576 Sparsely Vegetated 

387 181187.70 3397347.21 S 25.84 1578 
Jaunsar Gp of W. 

Himalaya 
848 7315 226 Sparsely Vegetated 

388 181499.45 3396848.30 S 41.19 1496 
Jaunsar Gp of W. 

Himalaya 
848 7658 0 Sparsely Vegetated 

389 181809.67 3397008.40 E 28.99 1506 
Jaunsar Gp of W. 

Himalaya 
1696 6903 32 Sparsely Vegetated 

390 183072.52 3397945.49 E 28.34 1659 
Jaunsar Gp of W. 

Himalaya 
1896 5743 32 Sparsely Vegetated 

391 198153.09 3396790.36 S 44.58 1473 
Jaunsar Gp of W. 

Himalaya 
848 2569 435 Sparsely Vegetated 

392 200469.18 3396968.53 S-W 35.38 1740 
Jaunsar Gp of W. 

Himalaya 
3058 3425 72 Evergreen Forest 

393 202079.84 3396477.08 S 32.45 2015 
Jaunsar Gp of W. 

Himalaya 
3598 3425 0 Sparsely Vegetated 

394 202855.38 3396390.88 S 22.38 1976 
Manjir Fm of W. 

Himalaya 
3598 3530 365 Sparsely Vegetated 

395 202886.00 3396447.99 S-E 12.33 1981 
Manjir Fm of W. 

Himalaya 
3058 3530 416 Sparsely Vegetated 

396 156526.98 3398011.76 S-W 51.14 1000 
Jaunsar Gp of W. 

Himalaya 
0 3087 3824 Sparsely Vegetated 

397 185507.61 3397666.15 S 36.52 1738 
Jaunsar Gp of W. 

Himalaya 
2544 3530 1223 Sparsely Vegetated 
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398 185276.17 3397544.66 S 26.93 1730 
Jaunsar Gp of W. 

Himalaya 
2544 3530 1120 Sparsely Vegetated 

399 141426.98 3394651.13 S 27.25 1337 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1896 2569 0 Sparsely Vegetated 

400 163800.38 3395355.27 S-W 37.01 1378 
Krol, Infrakrol & 

Blaini Formation 
0 3087 2734 Sparsely Vegetated 

401 141302.18 3395068.67 S-W 27.42 1320 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1896 2569 0 Sparsely Vegetated 

402 197126.41 3395604.21 E 27.09 1554 
Jaunsar Gp of W. 

Himalaya 
0 1712 1206 Sparsely Vegetated 

403 197541.65 3395110.35 E 25.91 1409 
Jaunsar Gp of W. 

Himalaya 
0 856 707 Sparsely Vegetated 

404 197682.01 3394802.73 N-E 27.59 1364 
Jaunsar Gp of W. 

Himalaya 
0 856 653 Sparsely Vegetated 

405 198886.07 3394622.22 S-W 26.68 1579 
Jaunsar Gp of W. 

Himalaya 
848 1211 172 Sparsely Vegetated 

406 146427.87 3395867.05 N 28.64 1032 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

0 4281 329 Shrub Land 

407 141662.25 3394826.85 S 24.58 1330 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

1896 2569 32 Deciduous Forest 

408 192582.14 3392661.61 S 37.74 862 
Jaunsar Gp of W. 

Himalaya 
0 2422 72 Sparsely Vegetated 

409 192211.61 3392596.41 S 35.90 802 
Jaunsar Gp of W. 

Himalaya 
0 2422 0 Sparsely Vegetated 

410 192733.49 3392748.92 S 41.71 943 
Jaunsar Gp of W. 

Himalaya 
0 1914 160 Sparsely Vegetated 

411 143883.28 3392188.13 S 27.45 1211 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

3793 856 32 Evergreen Forest 

412 144325.18 3392884.26 N-W 28.59 1205 
Subathu Fm of W. 

Himalaya 
3793 1211 0 Evergreen Forest 

413 143850.51 3393561.33 W 35.55 1246 
Subathu Fm of W. 

Himalaya 
3497 856 32 Sparsely Vegetated 

414 142716.93 3394269.22 S-W 36.11 1276 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

2544 1712 32 Shrub Land 

415 160181.88 3393208.81 S 33.19 927 
Krol, Infrakrol & 

Blaini Formation 
848 856 547 Sparsely Vegetated 

416 160613.23 3392998.75 S 19.87 888 
Krol, Infrakrol & 

Blaini Formation 
0 856 647 Sparsely Vegetated 
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417 196858.10 3393251.10 N-E 20.03 1590 
Jaunsar Gp of W. 

Himalaya 
1696 856 1985 Sparsely Vegetated 

418 197782.54 3393408.24 S-E 27.67 1414 
Jaunsar Gp of W. 

Himalaya 
848 856 1076 Sparsely Vegetated 

419 197872.87 3393539.51 S-E 45.10 1413 
Jaunsar Gp of W. 

Himalaya 
0 856 930 Sparsely Vegetated 

420 197969.69 3393493.94 S-E 29.16 1349 
Jaunsar Gp of W. 

Himalaya 
0 856 862 Sparsely Vegetated 

421 197967.89 3393572.30 S-E 36.31 1399 
Jaunsar Gp of W. 

Himalaya 
0 856 830 Sparsely Vegetated 

422 198034.04 3393573.52 E 40.75 1351 
Jaunsar Gp of W. 

Himalaya 
0 856 774 Sparsely Vegetated 

423 198027.83 3393656.32 E 47.47 1360 
Jaunsar Gp of W. 

Himalaya 
0 856 731 Sparsely Vegetated 

424 198020.75 3393698.45 E 47.53 1356 
Jaunsar Gp of W. 

Himalaya 
0 856 719 Sparsely Vegetated 

425 198663.27 3393185.94 N-E 38.91 1266 
Jaunsar Gp of W. 

Himalaya 
0 0 595 Sparsely Vegetated 

426 199025.38 3392807.09 S-E 37.14 1253 
Jaunsar Gp of W. 

Himalaya 
0 856 446 Sparsely Vegetated 

427 199088.09 3392895.05 N-E 23.05 1238 
Jaunsar Gp of W. 

Himalaya 
0 0 358 Sparsely Vegetated 

428 190603.85 3391818.34 S 28.62 847 
Jaunsar Gp of W. 

Himalaya 
0 4281 707 Sparsely Vegetated 

429 192573.65 3392230.58 S-W 35.42 699 
Jaunsar Gp of W. 

Himalaya 
0 2422 64 Sparsely Vegetated 

430 200248.75 3392182.28 S-E 24.71 1203 
Jaunsar Gp of W. 

Himalaya 
0 856 0 Sparsely Vegetated 

431 200163.00 3392109.14 S-E 23.98 1205 
Jaunsar Gp of W. 

Himalaya 
0 856 0 Sparsely Vegetated 

432 200548.52 3392789.91 N-W 48.87 1295 
Jaunsar Gp of W. 

Himalaya 
0 856 72 Sparsely Vegetated 

433 200417.50 3392929.20 S-E 35.36 1246 
Jaunsar Gp of W. 

Himalaya 
0 0 32 Sparsely Vegetated 

434 200474.46 3393472.06 N-E 23.02 1407 
Jaunsar Gp of W. 

Himalaya 
0 0 384 Sparsely Vegetated 

435 199951.05 3392961.30 S 36.22 1352 
Jaunsar Gp of W. 

Himalaya 
848 0 64 Sparsely Vegetated 

436 199785.93 3392881.12 S-E 30.81 1324 
Jaunsar Gp of W. 

Himalaya 
0 0 32 Sparsely Vegetated 

437 199309.48 3393557.86 S 25.99 1324 
Jaunsar Gp of W. 

Himalaya 
0 0 64 Sparsely Vegetated 

438 199084.53 3394007.79 S-W 33.12 1403 
Jaunsar Gp of W. 

Himalaya 
848 856 32 Sparsely Vegetated 
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439 157415.91 3394134.15 N-E 40.45 769 
Krol, Infrakrol & 

Blaini Formation 
0 0 96 Sparsely Vegetated 

440 158564.85 3391724.92 E 32.84 751 
Krol, Infrakrol & 

Blaini Formation 
0 1712 1056 Sparsely Vegetated 

441 144195.72 3392066.75 S-W 39.79 1233 

Dagshai and 

Kausauli Fm of W. 

Himalayas 

3058 856 45 Evergreen Forest 

442 150118.71 3393497.44 N-E 18.05 1030 
Subathu Fm of W. 

Himalaya 
0 2569 416 Sparsely Vegetated 

443 151838.34 3392031.16 N 36.76 970 
Subathu Fm of W. 

Himalaya 
848 1712 1159 Sparsely Vegetated 

444 149463.41 3393960.77 E 13.62 1002 
Subathu Fm of W. 

Himalaya 
0 3425 937 Shrub Land 

445 159172.02 3394144.11 S-W 27.05 990 
Krol, Infrakrol & 

Blaini Formation 
848 856 64 Sparsely Vegetated 

446 158940.78 3394565.03 S-W 33.37 982 
Krol, Infrakrol & 

Blaini Formation 
848 856 396 Sparsely Vegetated 

447 156346.48 3394547.61 E 29.02 891 
Krol, Infrakrol & 

Blaini Formation 
848 856 405 Sparsely Vegetated 

448 161273.72 3394238.15 N-E 31.98 858 
Jaunsar Gp of W. 

Himalaya 
0 1712 708 Sparsely Vegetated 

449 161276.62 3393711.59 S-E 30.72 832 
Krol, Infrakrol & 

Blaini Formation 
0 856 224 Sparsely Vegetated 

450 183501.11 3391908.43 S-E 34.63 1740 
Krol, Infrakrol & 

Blaini Formation 
2399 4281 32 Sparsely Vegetated 

451 192970.79 3393132.48 N-W 49.57 1045 
Jaunsar Gp of W. 

Himalaya 
848 1211 181 Sparsely Vegetated 

452 204717.50 3391963.90 S 19.51 1931 
Jaunsar Gp of W. 

Himalaya 
1696 0 0 Sparsely Vegetated 

453 203296.02 3391850.36 W 42.25 1463 
Jaunsar Gp of W. 

Himalaya 
1199 0 1268 Sparsely Vegetated 

454 160081.49 3390541.98 S 37.13 785 
Krol, Infrakrol & 

Blaini Formation 
848 856 1136 Sparsely Vegetated 

455 143935.02 3390749.83 S-E 29.37 1117 
Subathu Fm of W. 

Himalaya 
2399 856 32 Sparsely Vegetated 

456 182256.06 3391205.97 S-E 46.02 1703 
Krol, Infrakrol & 

Blaini Formation 
1896 3530 32 Sparsely Vegetated 

457 182600.15 3391433.87 S-E 34.75 1736 
Krol, Infrakrol & 

Blaini Formation 
3058 3829 32 Sparsely Vegetated 

458 183614.26 3390857.66 S-W 22.03 1434 
Krol, Infrakrol & 

Blaini Formation 
1896 3632 859 Sparsely Vegetated 

459 192555.50 3390837.52 N-E 36.71 809 
Jaunsar Gp of W. 

Himalaya 
0 3829 45 Sparsely Vegetated 
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460 200187.52 3391112.37 N-E 26.26 1058 
Jaunsar Gp of W. 

Himalaya 
0 2569 132 Sparsely Vegetated 

461 189079.81 3390771.05 S 44.52 952 
Jaunsar Gp of W. 

Himalaya 
848 6174 864 Sparsely Vegetated 

462 190755.08 3391113.49 N 30.80 800 
Jaunsar Gp of W. 

Himalaya 
0 4843 45 Sparsely Vegetated 

463 191406.40 3390874.99 N-E 23.64 834 
Jaunsar Gp of W. 

Himalaya 
0 4281 0 Sparsely Vegetated 

464 191462.11 3391386.13 S-E 44.52 770 
Jaunsar Gp of W. 

Himalaya 
0 3632 396 Sparsely Vegetated 

465 155146.06 3390574.75 N-E 25.49 829 
Subathu Fm of W. 

Himalaya 
0 0 3157 Shrub Land 

466 205687.29 3391442.58 S-E 16.68 2057 
Jaunsar Gp of W. 

Himalaya 
1696 856 0 Sparsely Vegetated 

467 145954.39 3389111.05 S-E 32.45 769 
Subathu Fm of W. 

Himalaya 
1896 2422 1056 Shrub Land 

468 144817.29 3388555.24 S-W 19.90 753 
Lower Siwalik 

Group 
1896 1914 0 Shrub Land 

469 144845.48 3389897.71 W 29.61 838 
Subathu Fm of W. 

Himalaya 
2682 1712 32 Sparsely Vegetated 

470 162251.71 3390017.62 S-W 14.61 853 
Krol, Infrakrol & 

Blaini Formation 
0 0 1376 Sparsely Vegetated 

471 161702.15 3389994.14 S 48.82 904 
Krol, Infrakrol & 

Blaini Formation 
848 0 1480 Sparsely Vegetated 

472 161325.98 3389782.65 S-E 26.04 869 
Krol, Infrakrol & 

Blaini Formation 
848 0 1479 Sparsely Vegetated 

473 187025.46 3387516.59 N-E 42.45 1403 
Krol, Infrakrol & 

Blaini Formation 
1696 4281 1824 Evergreen Forest 

474 186296.25 3387980.83 N-E 40.40 1302 
Krol, Infrakrol & 

Blaini Formation 
1199 5137 2080 Sparsely Vegetated 

475 186468.34 3388458.99 E 12.11 1190 
Krol, Infrakrol & 

Blaini Formation 
1199 5137 1660 Deciduous Forest 

476 185675.62 3388581.03 N-E 28.31 1447 
Krol, Infrakrol & 

Blaini Formation 
1696 4281 2369 Deciduous Forest 

477 184759.23 3389061.04 N-E 29.26 1423 
Krol, Infrakrol & 

Blaini Formation 
1199 3530 2722 Shrub Land 

478 184011.86 3389345.00 E 45.40 1466 
Krol, Infrakrol & 

Blaini Formation 
1896 2707 1934 Sparsely Vegetated 

479 182577.93 3389511.07 N-E 39.24 1773 
Tal Fm of W. 

Himalaya 
2544 2422 566 Shrub Land 

480 176065.26 3388475.31 S-W 35.30 1016 
Krol, Infrakrol & 

Blaini Formation 
848 856 2736 Evergreen Forest 

481 175729.18 3388424.35 S 36.86 875 
Krol, Infrakrol & 

Blaini Formation 
0 856 3088 Evergreen Forest 
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482 176689.69 3388328.61 S-W 38.15 1294 
Krol, Infrakrol & 

Blaini Formation 
1696 0 2163 Sparsely Vegetated 

483 179427.95 3387698.94 S-E 26.47 960 
Tal Fm of W. 

Himalaya 
0 0 32 Evergreen Forest 

484 178932.98 3388978.84 S-W 18.93 1175 
Tal Fm of W. 

Himalaya 
848 856 64 Sparsely Vegetated 

485 178815.79 3389844.81 S 34.59 1556 
Krol, Infrakrol & 

Blaini Formation 
1199 1712 659 Sparsely Vegetated 

486 179587.25 3389010.88 S-E 32.12 1218 
Tal Fm of W. 

Himalaya 
0 1211 32 Sparsely Vegetated 

487 179931.42 3388958.41 S 32.38 1140 
Tal Fm of W. 

Himalaya 
0 1211 334 Sparsely Vegetated 

488 200329.35 3390392.58 E 58.08 1124 
Jaunsar Gp of W. 

Himalaya 
848 2569 0 Sparsely Vegetated 

489 200302.72 3389827.92 E 30.34 1102 
Jaunsar Gp of W. 

Himalaya 
848 3425 32 Sparsely Vegetated 

490 200495.70 3388634.10 S-E 50.40 1106 
Jaunsar Gp of W. 

Himalaya 
0 3632 0 Sparsely Vegetated 

491 200474.31 3388488.26 E 54.08 1069 
Jaunsar Gp of W. 

Himalaya 
0 4281 0 Sparsely Vegetated 

492 200359.30 3388178.85 E 41.45 1106 
Jaunsar Gp of W. 

Himalaya 
0 4843 0 Sparsely Vegetated 

493 200183.65 3387914.18 S-E 43.03 1111 
Jaunsar Gp of W. 

Himalaya 
848 4843 32 Sparsely Vegetated 

494 200064.30 3387707.97 S 42.32 1066 
Jaunsar Gp of W. 

Himalaya 
0 5482 32 Sparsely Vegetated 

495 199921.72 3387712.55 S-E 44.57 1066 
Jaunsar Gp of W. 

Himalaya 
0 5482 0 Sparsely Vegetated 

496 200117.82 3387752.72 E 23.00 1071 
Jaunsar Gp of W. 

Himalaya 
0 4843 0 Sparsely Vegetated 

497 199833.72 3387645.94 S-E 43.34 1077 
Jaunsar Gp of W. 

Himalaya 
0 5482 0 Sparsely Vegetated 

498 199737.85 3387545.95 S-E 44.31 1073 
Jaunsar Gp of W. 

Himalaya 
0 5482 0 Sparsely Vegetated 

499 189297.42 3387549.28 W 50.04 668 
Krol, Infrakrol & 

Blaini Formation 
0 4281 32 Sparsely Vegetated 

500 187792.48 3387970.11 N-E 28.72 1049 
Krol, Infrakrol & 

Blaini Formation 
848 5137 950 Shrub Land 

501 188942.39 3388901.02 S-W 20.33 977 
Krol, Infrakrol & 

Blaini Formation 
848 5993 506 Sparsely Vegetated 

502 187042.34 3389808.22 S-W 16.92 737 
Krol, Infrakrol & 

Blaini Formation 
0 6233 847 Sparsely Vegetated 

503 186801.14 3390052.95 S 33.50 841 
Krol, Infrakrol & 

Blaini Formation 
0 6233 1090 Sparsely Vegetated 
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504 186024.59 3390267.94 S-E 39.35 977 
Krol, Infrakrol 

&Blaini Formation 
0 5415 1878 Sparsely Vegetated 

505 185477.41 3390097.96 S 39.76 966 
Krol, Infrakrol & 

Blaini Formation 
0 4611 2403 Sparsely Vegetated 

506 188300.85 3389462.51 W 38.07 703 
Krol, Infrakrol & 

Blaini Formation 
0 6849 128 Sparsely Vegetated 

507 188276.13 3389991.39 N 42.45 622 
Jaunsar Gp of W. 

Himalaya 
0 6849 0 Shrub Land 

508 188433.58 3389929.80 N-E 54.43 628 
Jaunsar Gp of W. 

Himalaya 
0 6687 32 Shrub Land 

509 148105.78 3390142.47 S-W 39.62 1323 
Subathu Fm of W. 

Himalaya 
2544 856 2886 Sparsely Vegetated 

510 160328.54 3390101.48 S-W 37.78 672 
Krol, Infrakrol & 

Blaini Formation 
0 0 1417 Sparsely Vegetated 

511 165682.01 3389831.45 W 37.76 840 
Krol, Infrakrol & 

Blaini Formation 
0 0 1002 Sparsely Vegetated 

512 161762.80 3388159.02 N-E 45.04 1071 
Subathu Fm of W. 

Himalaya 
848 1712 0 Sparsely Vegetated 

513 161647.93 3388571.89 N-E 11.86 954 
Subathu Fm of W. 

Himalaya 
848 1712 320 Sparsely Vegetated 

514 171286.24 3387595.45 S 42.66 807 
Krol, Infrakrol & 

Blaini Formation 
848 2569 5252 Sparsely Vegetated 

515 169657.59 3388217.24 S-W 48.77 1060 
Krol, Infrakrol & 

Blaini Formation 
848 1914 3633 Sparsely Vegetated 

516 168239.45 3388391.52 W 44.74 883 
Krol, Infrakrol & 

Blaini Formation 
848 2569 2267 Sparsely Vegetated 

517 175231.11 3389727.70 S-W 46.34 1032 
Krol, Infrakrol & 

Blaini Formation 
0 856 3615 Evergreen Forest 

518 175652.70 3388666.87 W 51.72 860 
Krol, Infrakrol & 

Blaini Formation 
0 0 3120 Sparsely Vegetated 

519 178304.44 3388163.46 S-E 53.63 1388 
Tal Fm of W. 

Himalaya 
848 0 679 Sparsely Vegetated 

520 152096.83 3386404.43 S-E 31.32 761 
Lower Siwalik 

Group 
1199 2569 5068 Sparsely Vegetated 

521 205361.21 3386415.54 S 29.45 1912 
Jaunsar Gp of W. 

Himalaya 
1896 5137 1222 Sparsely Vegetated 

522 206308.02 3387038.95 S 28.75 2040 
Jaunsar Gp of W. 

Himalaya 
2544 4366 160 Sparsely Vegetated 

523 206451.51 3387107.49 S 46.77 2074 
Jaunsar Gp of W. 

Himalaya 
2544 4281 143 Sparsely Vegetated 

524 199707.93 3387381.54 E 36.15 1031 
Jaunsar Gp of W. 

Himalaya 
0 5482 0 Sparsely Vegetated 

525 199498.45 3387186.67 S-W 32.02 1031 
Jaunsar Gp of W. 

Himalaya 
0 5743 0 Sparsely Vegetated 
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526 199100.35 3386952.67 S-E 45.47 1109 
Jaunsar Gp of W. 

Himalaya 
0 5743 64 Sparsely Vegetated 

527 199119.12 3386755.15 E 30.07 1049 
Jaunsar Gp of W. 

Himalaya 
0 4992 32 Sparsely Vegetated 

528 199066.17 3386463.44 S-E 46.89 1031 
Jaunsar Gp of W. 

Himalaya 
0 4992 0 Sparsely Vegetated 

529 178933.54 3387016.45 S 13.89 869 
Tal Fm of W. 

Himalaya 
848 856 32 Sparsely Vegetated 

530 179015.63 3387282.28 E 21.71 929 
Tal Fm of W. 

Himalaya 
848 0 0 Sparsely Vegetated 

531 180482.10 3387511.34 E 26.76 1048 
Tal Fm of W. 

Himalaya 
0 856 1064 Evergreen Forest 

532 193762.99 3386883.30 S 22.43 1541 
Jaunsar Gp of W. 

Himalaya 
1696 5137 1677 Sparsely Vegetated 

533 194473.13 3386440.49 S-W 43.54 1265 
Jaunsar Gp of W. 

Himalaya 
1696 4281 1096 Sparsely Vegetated 

534 152400.19 3386375.22 S-W 24.11 780 
Lower Siwalik 

Group 
1199 2569 5224 Sparsely Vegetated 

535 151218.80 3386327.27 S 29.29 675 
Lower Siwalik 

Group 
848 2422 4313 Sparsely Vegetated 

536 150379.72 3385755.39 N-E 6.37 768 
Lower Siwalik 

Group 
848 1211 3302 Sparsely Vegetated 

537 149504.91 3385805.03 E 14.41 737 
Lower Siwalik 

Group 
1199 856 2670 Sparsely Vegetated 

538 203601.17 3383720.69 S-E 24.91 907 
Jaunsar Gp of W. 

Himalaya 
848 5482 1131 Evergreen Forest 

539 205676.31 3385782.70 S 30.14 1552 
Jaunsar Gp of W. 

Himalaya 
1896 6054 1222 Sparsely Vegetated 

540 160716.77 3385536.40 S-W 31.98 889 
Lower Siwalik 

Group 
3393 4281 0 Shrub Land 

541 160967.68 3385842.79 S-W 28.79 1020 
Subathu Fm of W. 

Himalaya 
3393 4281 0 Deciduous Forest 

542 185463.71 3383980.09 S-E 36.27 1025 
Jaunsar Gp of W. 

Himalaya 
3058 856 4766 Sparsely Vegetated 

543 184633.37 3384378.62 S-E 14.26 910 
Jaunsar Gp of W. 

Himalaya 
2682 1712 4367 Sparsely Vegetated 

544 184779.51 3383625.10 W 42.55 848 
Jaunsar Gp of W. 

Himalaya 
2682 856 4014 Sparsely Vegetated 

545 187116.20 3384636.63 S 40.08 1351 
Jaunsar Gp of W. 

Himalaya 
2682 1712 3120 Sparsely Vegetated 

546 186596.18 3385107.73 S-W 29.89 1527 
Krol, Infrakrol & 

Blaini Formation 
3497 1712 3438 Deciduous Forest 

547 198941.02 3386232.32 S 24.83 990 
Jaunsar Gp of W. 

Himalaya 
0 4992 0 Sparsely Vegetated 
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548 198688.50 3385729.76 E 19.98 998 
Jaunsar Gp of W. 

Himalaya 
0 4281 0 Sparsely Vegetated 

549 198542.17 3385581.55 S-E 37.92 1015 
Jaunsar Gp of W. 

Himalaya 
848 3829 32 Sparsely Vegetated 

550 198383.01 3385518.48 S 41.57 965 
Jaunsar Gp of W. 

Himalaya 
848 3829 32 Evergreen Forest 

551 197924.10 3385717.52 S-E 39.74 1056 
Jaunsar Gp of W. 

Himalaya 
848 3829 115 Sparsely Vegetated 

552 197861.29 3385465.55 S 35.02 959 
Jaunsar Gp of W. 

Himalaya 
848 3829 32 Evergreen Forest 

553 197948.38 3385193.05 E 26.11 937 
Jaunsar Gp of W. 

Himalaya 
0 3829 32 Shrub Land 

554 197570.01 3384848.18 S-E 27.45 964 
Jaunsar Gp of W. 

Himalaya 
848 2707 0 Sparsely Vegetated 

555 197415.17 3384063.89 N-E 28.22 799 
Jaunsar Gp of W. 

Himalaya 
0 1914 0 Sparsely Vegetated 

556 197304.81 3383896.19 S 37.20 847 
Jaunsar Gp of W. 

Himalaya 
0 1914 0 Sparsely Vegetated 

557 197214.58 3383856.48 S 35.72 839 
Jaunsar Gp of W. 

Himalaya 
0 1914 32 Deciduous Forest 

558 197092.43 3383820.75 S-E 31.53 853 
Jaunsar Gp of W. 

Himalaya 
0 1914 32 Deciduous Forest 

559 197088.52 3383566.83 E 43.81 843 
Jaunsar Gp of W. 

Himalaya 
0 1914 45 Sparsely Vegetated 

560 196980.79 3383407.68 S-E 31.75 917 
Jaunsar Gp of W. 

Himalaya 
0 1211 101 Sparsely Vegetated 

561 196714.18 3383568.08 S 40.86 972 
Jaunsar Gp of W. 

Himalaya 
848 1712 322 Sparsely Vegetated 

562 194606.81 3383677.08 E 37.03 699 
Jaunsar Gp of W. 

Himalaya 
0 1712 275 Sparsely Vegetated 

563 194831.41 3385308.13 S-W 52.35 577 
Jaunsar Gp of W. 

Himalaya 
0 3425 45 Sparsely Vegetated 

564 194581.66 3385382.71 S-E 46.16 600 
Jaunsar Gp of W. 

Himalaya 
848 3425 32 Evergreen Forest 

565 193764.96 3384845.96 S-E 54.57 597 
Jaunsar Gp of W. 

Himalaya 
0 2569 32 Evergreen Forest 

566 193216.87 3385482.75 S 38.24 1016 
Jaunsar Gp of W. 

Himalaya 
848 3425 481 Sparsely Vegetated 

567 193119.78 3385183.37 S 44.47 791 
Jaunsar Gp of W. 

Himalaya 
0 3425 160 Sparsely Vegetated 

568 192688.57 3384703.57 S-E 46.24 610 
Jaunsar Gp of W. 

Himalaya 
0 2569 32 Evergreen Forest 

569 191571.51 3385652.34 S 50.45 806 
Jaunsar Gp of W. 

Himalaya 
0 3087 320 Sparsely Vegetated 
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570 208680.66 3383981.11 S-E 24.11 1183 
Jaunsar Gp of W. 

Himalaya 
2399 6233 256 Sparsely Vegetated 

571 209628.21 3384057.94 S 45.09 1007 
Jaunsar Gp of W. 

Himalaya 
1696 6054 304 Sparsely Vegetated 

572 156491.71 3385657.94 S-W 25.36 830 
Lower Siwalik 

Group 
1696 3087 3650 Sparsely Vegetated 

573 168091.81 3386254.28 N-E 40.56 737 
Krol, Infrakrol & 

Blaini Formation 
848 4281 2560 Evergreen Forest 

574 175352.05 3385367.75 S 33.37 780 
Krol, Infrakrol & 

Blaini Formation 
0 3087 1482 Sparsely Vegetated 

575 171830.16 3383727.25 S 42.64 1280 
Lower Siwalik 

Group 
2544 5743 5099 Deciduous Forest 

576 182937.08 3383810.97 S-W 34.48 844 
Jaunsar Gp of W. 

Himalaya 
1896 856 2854 Deciduous Forest 

577 193659.40 3385714.68 E 40.84 1040 
Jaunsar Gp of W. 

Himalaya 
848 3425 795 Sparsely Vegetated 

578 194942.49 3384196.64 E 45.92 650 
Jaunsar Gp of W. 

Himalaya 
0 1712 202 Evergreen Forest 

579 196581.34 3385108.67 S-E 32.00 1368 
Jaunsar Gp of W. 

Himalaya 
1199 2569 883 Sparsely Vegetated 

580 202679.90 3384352.08 S 26.23 1094 
Jaunsar Gp of W. 

Himalaya 
1199 5482 1568 Sparsely Vegetated 

581 207959.37 3384084.12 S-E 33.77 1261 
Jaunsar Gp of W. 

Himalaya 
2544 6520 136 Sparsely Vegetated 

582 207614.56 3384010.84 E 35.27 1417 
Jaunsar Gp of W. 

Himalaya 
2544 6520 101 Sparsely Vegetated 

583 215494.90 3386388.10 S-E 50.85 1170 
Jaunsar Gp of W. 

Himalaya 
848 4281 609 Sparsely Vegetated 

584 202023.71 3382431.69 W 31.21 711 
Jaunsar Gp of W. 

Himalaya 
0 3087 72 Evergreen Forest 

585 202633.60 3383048.10 S-E 40.46 862 
Jaunsar Gp of W. 

Himalaya 
848 4281 295 Sparsely Vegetated 

586 203166.47 3383165.08 S 31.02 732 
Jaunsar Gp of W. 

Himalaya 
0 4843 416 Evergreen Forest 

587 161371.19 3382331.50 S-W 44.39 559 
Lower Siwalik 

Group 
848 1211 862 Sparsely Vegetated 

588 196955.76 3383133.69 S 35.08 799 
Jaunsar Gp of W. 

Himalaya 
0 1211 0 Sparsely Vegetated 

589 196668.03 3383254.91 S 25.16 749 
Jaunsar Gp of W. 

Himalaya 
848 856 0 Sparsely Vegetated 

590 161092.83 3382795.13 S-E 21.24 561 
Lower Siwalik 

Group 
848 1914 1028 Deciduous Forest 

591 207713.29 3382808.09 S 33.76 1210 
Jaunsar Gp of W. 

Himalaya 
2544 7315 32 Sparsely Vegetated 
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592 208284.00 3382530.65 E 23.87 1109 
Jaunsar Gp of W. 

Himalaya 
1696 7658 32 Sparsely Vegetated 

593 195586.06 3382983.82 W 54.79 703 
Jaunsar Gp of W. 

Himalaya 
848 856 365 Sparsely Vegetated 

594 157203.14 3381282.81 S-W 31.76 584 
Lower Siwalik 

Group 
848 856 1431 Deciduous Forest 

595 157014.94 3381570.99 S-W 39.68 646 
Lower Siwalik 

Group 
848 856 1603 Shrub Land 

596 201002.45 3381350.39 E 27.79 730 
Jaunsar Gp of W. 

Himalaya 
0 1914 0 Sparsely Vegetated 

597 201508.46 3382259.40 S-E 45.65 771 
Jaunsar Gp of W. 

Himalaya 
0 3087 91 Sparsely Vegetated 

598 159737.01 3380884.21 S 34.17 608 
Lower Siwalik 

Group 
0 0 1462 Deciduous Forest 

599 203126.76 3382098.00 E 52.61 705 
Jaunsar Gp of W. 

Himalaya 
0 4281 32 Shrub Land 

600 207593.34 3379723.78 E 46.72 738 
Jaunsar Gp of W. 

Himalaya 
0 4992 566 Sparsely Vegetated 

601 208619.97 3379848.05 S-W 25.13 777 
Jaunsar Gp of W. 

Himalaya 
0 5482 101 Sparsely Vegetated 

602 209419.76 3379865.38 S 40.20 867 
Jaunsar Gp of W. 

Himalaya 
0 6054 0 Sparsely Vegetated 

603 209453.95 3379558.37 S-E 31.04 737 
Jaunsar Gp of W. 

Himalaya 
0 6054 226 Sparsely Vegetated 

604 209727.27 3379768.04 S 41.49 815 
Jaunsar Gp of W. 

Himalaya 
0 6054 91 Sparsely Vegetated 

605 210518.35 3379499.63 E 43.87 875 
Jaunsar Gp of W. 

Himalaya 
0 6520 32 Evergreen Forest 

606 210773.18 3381433.57 S-W 56.66 766 
Jaunsar Gp of W. 

Himalaya 
0 8432 0 Sparsely Vegetated 

607 211219.78 3380990.39 S 32.42 905 
Jaunsar Gp of W. 

Himalaya 
0 8432 143 Shrub Land 

608 212314.82 3380885.68 S 39.95 1395 
Jaunsar Gp of W. 

Himalaya 
848 8562 101 Sparsely Vegetated 

609 213742.83 3380384.80 S-E 29.31 1010 
Krol, Infrakrol & 

Blaini Formation 
848 9101 0 Sparsely Vegetated 

610 214157.01 3380082.25 S-W 30.14 1032 
Krol, Infrakrol & 

Blaini Formation 
0 9101 45 Sparsely Vegetated 

611 214367.00 3379888.99 S-E 21.98 1027 
Krol, Infrakrol & 

Blaini Formation 
0 8562 0 Sparsely Vegetated 

612 215226.37 3379576.89 S-E 39.10 898 
Krol, Infrakrol & 

Blaini Formation 
0 7894 724 Shrub Land 

613 215402.65 3380302.47 S 32.64 1153 
Krol, Infrakrol & 

Blaini Formation 
848 8476 545 Sparsely Vegetated 
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614 215704.51 3380090.79 S-W 34.75 1096 
Krol, Infrakrol & 

Blaini Formation 
848 8476 847 Sparsely Vegetated 

615 215934.36 3380185.54 S 30.77 1209 
Krol, Infrakrol & 

Blaini Formation 
848 7894 1058 Sparsely Vegetated 

616 216109.02 3379366.91 S 30.09 1022 
Krol, Infrakrol & 

Blaini Formation 
848 7265 1536 Sparsely Vegetated 

617 217000.69 3379612.94 S-E 40.34 1265 
Krol, Infrakrol & 

Blaini Formation 
848 6687 2237 Sparsely Vegetated 

618 215219.24 3379164.04 N-W 48.42 924 
Krol, Infrakrol & 

Blaini Formation 
0 7894 1060 Evergreen Forest 

619 221248.56 3379165.47 S 25.39 1623 
Krol, Infrakrol & 

Blaini Formation 
848 5137 3423 Sparsely Vegetated 

620 221202.76 3380091.31 E 27.06 1850 
Krol, Infrakrol & 

Blaini Formation 
1696 5993 3807 Sparsely Vegetated 

621 202067.74 3378682.12 W 19.21 871 
Jaunsar Gp of W. 

Himalaya 
1696 856 1306 Sparsely Vegetated 

622 201982.01 3378641.93 S-W 29.66 833 
Jaunsar Gp of W. 

Himalaya 
848 856 1288 Sparsely Vegetated 

623 200077.27 3378475.05 S-W 25.45 715 
Jaunsar Gp of W. 

Himalaya 
0 856 244 Sparsely Vegetated 

624 209166.49 3378813.02 N-W 56.16 863 
Jaunsar Gp of W. 

Himalaya 
0 5415 803 Evergreen Forest 

625 207574.77 3378888.28 N-E 35.68 940 
Jaunsar Gp of W. 

Himalaya 
848 4281 1296 Evergreen Forest 

626 216785.20 3378853.54 S-E 34.22 940 
Krol, Infrakrol & 

Blaini Formation 
0 6054 1802 Sparsely Vegetated 

627 217415.49 3378512.50 W 37.10 1017 
Krol, Infrakrol & 

Blaini Formation 
0 6054 2016 Sparsely Vegetated 

628 218061.73 3378597.98 S-E 30.94 1215 
Krol, Infrakrol & 

Blaini Formation 
848 5482 2592 Sparsely Vegetated 

629 218748.46 3378547.44 S-E 31.34 1194 
Krol, Infrakrol & 

Blaini Formation 
1199 4992 3128 Sparsely Vegetated 

630 219096.84 3379126.49 S-E 33.40 1327 
Krol, Infrakrol & 

Blaini Formation 
1896 4992 3752 Sparsely Vegetated 

631 215939.87 3378545.27 N-E 33.22 998 
Krol, Infrakrol & 

Blaini Formation 
0 6687 1226 Shrub Land 

632 221888.18 3378208.01 S 43.26 1166 
Krol, Infrakrol & 

Blaini Formation 
0 3425 2722 Sparsely Vegetated 

633 203738.30 3376538.16 S 40.73 1109 
Jaunsar Gp of W. 

Himalaya 
2682 0 2139 Sparsely Vegetated 

634 203728.05 3376836.85 W 38.21 1100 
Jaunsar Gp of W. 

Himalaya 
1696 856 2315 Sparsely Vegetated 

635 203580.14 3376973.14 S-W 32.94 1095 
Jaunsar Gp of W. 

Himalaya 
1696 856 2308 Sparsely Vegetated 
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636 203457.91 3377228.35 S-W 31.74 1132 
Jaunsar Gp of W. 

Himalaya 
1696 856 2439 Sparsely Vegetated 

637 203131.55 3377477.13 S 27.49 1049 
Jaunsar Gp of W. 

Himalaya 
1696 1211 2235 Sparsely Vegetated 

638 202926.43 3377610.07 S 19.23 1057 
Jaunsar Gp of W. 

Himalaya 
1696 856 2135 Sparsely Vegetated 

639 202564.64 3377267.95 S 17.71 958 
Jaunsar Gp of W. 

Himalaya 
848 0 1661 Sparsely Vegetated 

640 216816.94 3375984.91 N 30.39 1618 
Krol, Infrakrol & 

Blaini Formation 
848 4611 64 Shrub Land 

641 216546.73 3375626.10 N-E 29.75 1753 
Krol, Infrakrol & 

Blaini Formation 
1199 5208 32 Shrub Land 

642 216997.77 3375437.08 N 22.94 1755 
Krol, Infrakrol & 

Blaini Formation 
1199 4366 101 Evergreen Forest 

643 206140.51 3375805.64 S 41.17 1784 
Jaunsar Gp of W. 

Himalaya 
4241 1211 2085 Sparsely Vegetated 

644 205627.27 3376628.46 S 36.05 1744 
Jaunsar Gp of W. 

Himalaya 
3393 1914 2774 Evergreen Forest 

645 217353.47 3378161.19 S-W 36.01 889 
Krol, Infrakrol & 

Blaini Formation 
0 5482 1775 Sparsely Vegetated 

646 218408.09 3378020.89 N-W 50.52 1074 
Krol, Infrakrol & 

Blaini Formation 
848 4281 2534 Sparsely Vegetated 

647 222783.45 3377754.47 S-W 42.18 1088 
Krol, Infrakrol & 

Blaini Formation 
0 3425 1903 Sparsely Vegetated 

648 224303.25 3376458.77 N-E 44.22 1401 
Krol, Infrakrol & 

Blaini Formation 
848 1914 1087 Evergreen Forest 

649 220408.77 3376925.08 S-E 30.12 1092 
Tal Fm of W. 

Himalaya 
0 2707 2895 Evergreen Forest 

650 219779.25 3376167.71 N-W 31.71 1175 
Krol, Infrakrol & 

Blaini Formation 
0 2422 2442 Evergreen Forest 

651 158533.69 3372441.23 W 17.56 460 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

1896 8122 2407 Sparsely Vegetated 

652 207741.55 3373374.56 S-W 31.67 1756 
Jaunsar Gp of W. 

Himalaya 
1896 0 1184 Sparsely Vegetated 

653 205524.23 3372097.60 E 9.74 1031 
Lower Siwalik 

Group 
2682 1914 329 Shrub Land 

654 206818.54 3370851.70 S-W 22.92 883 
Lower Siwalik 

Group 
848 2422 997 Deciduous Forest 

655 210851.88 3371933.34 S-E 39.54 1566 
Jaunsar Gp of W. 

Himalaya 
1696 856 4544 Shrub Land 

656 216812.59 3373713.96 N-E 26.00 1972 
Krol, Infrakrol & 

Blaini Formation 
2682 4281 202 Evergreen Forest 
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657 219324.27 3371316.32 S 37.01 1559 
Krol, Infrakrol & 

Blaini Formation 
1896 2422 202 Shrub Land 

658 216128.45 3370834.16 S 51.21 1357 
Jaunsar Gp of W. 

Himalaya 
0 2422 2139 Shrub Land 

659 216181.72 3371267.68 S-E 38.17 1548 
Jaunsar Gp of W. 

Himalaya 
848 2422 1770 Shrub Land 

660 160629.14 3370500.36 N-E 18.90 529 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

0 9687 3559 Deciduous Forest 

661 218643.41 3370436.40 S-E 37.65 1406 
Jaunsar Gp of W. 

Himalaya 
848 3087 668 Evergreen Forest 

662 233299.38 3370496.95 E 37.58 2369 
Krol, Infrakrol & 

Blaini Formation 
3058 3087 32 Evergreen Forest 

663 174352.26 3366907.08 S-E 40.52 568 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

1696 0 3134 Sparsely Vegetated 

664 213247.03 3369821.82 S-W 26.00 1007 
Jaunsar Gp of W. 

Himalaya 
848 856 4820 Shrub Land 

665 225829.64 3368043.92 W 40.78 1279 
Tal Fm of W. 

Himalaya 
848 0 1316 Evergreen Forest 

666 223483.79 3369348.24 E 32.27 1228 
Tal Fm of W. 

Himalaya 
0 856 160 Shrub Land 

667 225040.18 3368324.93 S-E 31.14 1474 
Tal Fm of W. 

Himalaya 
0 0 704 Sparsely Vegetated 

668 229124.60 3369779.92 W 38.72 1720 
Krol, Infrakrol & 

Blaini Formation 
1199 856 1411 Shrub Land 

669 227063.50 3366608.70 W 32.76 1658 
Tal Fm of W. 

Himalaya 
1696 1712 0 Evergreen Forest 

670 225538.79 3366776.84 N 53.04 1095 
Tal Fm of W. 

Himalaya 
0 0 187 Evergreen Forest 

671 174320.30 3366527.52 S 47.36 503 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

848 0 2920 Sparsely Vegetated 

672 176096.60 3365338.79 W 39.70 509 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

0 1914 4417 Sparsely Vegetated 

673 222670.31 3365877.56 S 25.13 1095 
Krol, Infrakrol & 

Blaini Formation 
1199 1211 160 Sparsely Vegetated 

674 223451.29 3364017.36 W 39.66 1071 
Krol, Infrakrol & 

Blaini Formation 
848 2569 774 Evergreen Forest 

675 227062.52 3365026.74 E 45.72 1159 
Tal Fm of W. 

Himalaya 
848 1712 684 Evergreen Forest 

676 230097.62 3359780.50 N-E 23.82 1321 
Tal Fm of W. 

Himalaya 
0 3425 5181 Shrub Land 
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677 235037.85 3360840.48 N 31.93 1634 
Tal Fm of W. 

Himalaya 
1696 2422 8144 Shrub Land 

678 236039.40 3359354.51 S-E 30.10 1799 
Tal Fm of W. 

Himalaya 
1199 3087 8959 Sparsely Vegetated 

679 227971.70 3356139.38 S 48.79 900 
Krol, Infrakrol & 

Blaini Formation 
0 0 4659 Sparsely Vegetated 

680 224583.13 3355529.40 S 35.83 873 
Jaunsar Gp of W. 

Himalaya 
1696 3087 1279 Sparsely Vegetated 

681 225302.20 3354868.38 N-W 27.67 868 
Jaunsar Gp of W. 

Himalaya 
2399 3087 1792 Deciduous Forest 

682 225975.78 3354203.00 S 43.54 864 
Jaunsar Gp of W. 

Himalaya 
2399 3632 2554 Sparsely Vegetated 

683 233249.05 3355621.08 N-E 48.60 1110 
Krol, Infrakrol 

&Blaini Formation 
0 1712 7215 Sparsely Vegetated 

684 232157.47 3356807.50 S-E 29.19 1179 
Krol, Infrakrol & 

Blaini Formation 
0 1914 8081 Sparsely Vegetated 

685 233207.26 3357137.72 W 31.50 1295 
Krol, Infrakrol & 

Blaini Formation 
848 3087 8659 Evergreen Forest 

686 234563.60 3357235.90 S-E 26.81 1493 
Krol, Infrakrol & 

Blaini Formation 
848 3530 9188 Sparsely Vegetated 

687 244431.87 3355929.37 E 38.92 1068 
Tal Fm of W. 

Himalaya 
0 0 160 Deciduous Forest 

688 244438.09 3355578.55 E 45.04 1132 
Tal Fm of W. 

Himalaya 
848 0 195 Deciduous Forest 

689 243813.65 3356382.06 N-E 55.29 1064 
Tal Fm of W. 

Himalaya 
0 0 647 Evergreen Forest 

690 248427.80 3355683.67 S-W 32.43 1443 
Krol, Infrakrol & 

Blaini Formation 
2399 3087 702 Sparsely Vegetated 

691 245774.75 3354284.25 S 44.04 957 
Krol, Infrakrol & 

Blaini Formation 
0 0 64 Shrub Land 

692 247986.04 3356120.02 S-E 46.10 1838 
Krol, Infrakrol & 

Blaini Formation 
2399 3087 1335 Evergreen Forest 

693 246631.87 3354841.16 S-E 27.21 1316 
Krol, Infrakrol & 

Blaini Formation 
848 1211 830 Deciduous Forest 

694 245695.42 3354287.95 S 32.94 951 
Krol, Infrakrol & 

Blaini Formation 
0 0 64 Shrub Land 

695 245312.74 3354607.79 S-W 38.83 911 
Tal Fm of W. 

Himalaya 
0 0 32 Sparsely Vegetated 

696 245416.30 3354473.48 S-W 31.41 914 
Tal Fm of W. 

Himalaya 
0 0 45 Sparsely Vegetated 

697 245970.86 3354242.71 S-W 43.29 975 
Krol, Infrakrol & 

Blaini Formation 
0 0 91 Deciduous Forest 

698 230481.81 3351348.32 S 41.29 1023 
Jaunsar Gp of W. 

Himalaya 
1896 3087 2523 Shrub Land 
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699 229548.66 3352308.87 S-E 36.47 925 
Jaunsar Gp of W. 

Himalaya 
2544 2707 3402 Shrub Land 

700 227303.80 3352952.39 S 35.61 1132 
Jaunsar Gp of W. 

Himalaya 
1896 3087 3753 Shrub Land 

701 226472.13 3352844.36 S 35.27 863 
Jaunsar Gp of W. 

Himalaya 
1696 3530 3263 Deciduous Forest 

702 237228.02 3351833.33 S-E 43.71 1282 
Krol, Infrakrol & 

Blaini Formation 
848 856 4766 Shrub Land 

703 236985.52 3351782.47 S 45.24 1420 
Krol, Infrakrol & 

Blaini Formation 
848 0 4572 Sparsely Vegetated 

704 236710.70 3351755.49 S 29.21 1501 
Krol, Infrakrol & 

Blaini Formation 
1199 856 4430 Sparsely Vegetated 

705 236030.01 3351836.32 E 26.39 1396 
Jaunsar Gp of W. 

Himalaya 
1199 0 4156 Evergreen Forest 

706 233888.78 3353046.99 S-W 30.25 1313 
Jaunsar Gp of W. 

Himalaya 
1696 0 5002 Sparsely Vegetated 

707 232878.37 3353345.63 N 2.92 1516 
Jaunsar Gp of W. 

Himalaya 
1896 856 4938 Sparsely Vegetated 

708 237971.32 3351731.05 S-W 27.71 1024 
Krol, Infrakrol & 

Blaini Formation 
0 0 5145 Evergreen Forest 

709 247313.78 3350994.89 S-W 50.37 836 
Krol, Infrakrol & 

Blaini Formation 
0 1712 115 Deciduous Forest 

710 245696.35 3351663.17 S-W 31.98 1125 
Tal Fm of W. 

Himalaya 
0 0 750 Evergreen Forest 

711 245928.25 3351260.89 S 31.49 954 
Krol, Infrakrol & 

Blaini Formation 
0 856 326 Deciduous Forest 

712 245321.41 3352399.73 S-W 37.86 1354 
Tal Fm of W. 

Himalaya 
848 0 1282 Sparsely Vegetated 

713 247028.18 3352719.06 W 35.51 849 
Krol, Infrakrol & 

Blaini Formation 
848 856 32 Deciduous Forest 

714 247113.18 3352451.47 N-W 27.11 952 
Krol, Infrakrol & 

Blaini Formation 
848 1211 72 Deciduous Forest 

715 247360.73 3352782.54 W 42.37 1078 
Krol, Infrakrol & 

Blaini Formation 
848 856 195 Sparsely Vegetated 

716 248463.31 3353279.69 N-W 20.88 1088 
Krol, Infrakrol & 

Blaini Formation 
848 2569 32 Shrub Land 

717 246674.98 3352953.73 E 23.58 939 
Krol, Infrakrol & 

Blaini Formation 
0 856 172 Sparsely Vegetated 

718 246398.64 3352374.06 S-E 33.04 945 
Krol, Infrakrol & 

Blaini Formation 
0 856 226 Sparsely Vegetated 

719 246630.93 3352115.07 N-E 44.69 848 
Krol, Infrakrol & 

Blaini Formation 
0 1211 32 Sparsely Vegetated 

720 244788.54 3350310.32 S-E 38.15 1300 
Tal Fm of W. 

Himalaya 
1199 856 1589 Evergreen Forest 
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721 246888.11 3349892.97 E 46.54 971 
Krol, Infrakrol 

&Blaini Formation 
0 1712 0 Shrub Land 

722 256593.62 3350398.22 S 38.36 857 
Jaunsar Gp of W. 

Himalaya 
0 1211 481 Evergreen Forest 

723 249928.99 3349946.87 N 36.15 1549 
Krol, Infrakrol & 

Blaini Formation 
1199 4281 0 Evergreen Forest 

724 246425.53 3349694.16 S 39.29 1091 
Krol, Infrakrol & 

Blaini Formation 
0 856 72 Deciduous Forest 

725 238434.00 3349369.01 S-E 47.85 1397 
Jaunsar Gp of W. 

Himalaya 
1199 1211 4172 Evergreen Forest 

726 236475.01 3346112.51 N-W 32.37 1187 
Jaunsar Gp of W. 

Himalaya 
2399 4992 2626 Shrub Land 

727 235763.61 3346798.68 W 35.74 978 
Krol, Infrakrol & 

Blaini Formation 
1199 4611 1632 Sparsely Vegetated 

728 246135.33 3348324.74 S-W 43.04 1062 
Krol, Infrakrol & 

Blaini Formation 
848 1211 96 Shrub Land 

729 202731.86 3347705.11 S-E 24.12 732 
Lower Siwalik 

Group 
848 6174 1632 Shrub Land 

730 238616.95 3348773.27 W 30.67 1335 
Jaunsar Gp of W. 

Himalaya 
2399 1914 4155 Shrub Land 

731 240643.88 3347698.26 W 38.19 1343 
Jaunsar Gp of W. 

Himalaya 
1696 1712 2740 Sparsely Vegetated 

732 242564.27 3345775.06 S-W 43.61 1448 
Jaunsar Gp of W. 

Himalaya 
1696 2569 346 Evergreen Forest 

733 245252.65 3346748.78 S 32.68 1085 
Krol, Infrakrol & 

Blaini Formation 
1696 1712 387 Sparsely Vegetated 

734 243864.37 3347639.66 S-E 45.11 1578 
Krol, Infrakrol & 

Blaini Formation 
2544 856 329 Shrub Land 

735 244168.82 3347294.51 S 34.53 1284 
Krol, Infrakrol & 

Blaini Formation 
2544 1712 32 Sparsely Vegetated 

736 246939.96 3345969.19 S-W 42.50 866 
Krol, Infrakrol & 

Blaini Formation 
0 3087 1180 Evergreen Forest 

737 248898.51 3348778.63 S-W 44.23 1183 
Krol, Infrakrol & 

Blaini Formation 
1199 3425 476 Deciduous Forest 

738 259364.44 3347232.08 S 26.76 1151 
Jaunsar Gp of W. 

Himalaya 
848 1914 2104 Sparsely Vegetated 

739 260326.03 3347527.71 S 46.74 1007 
Jaunsar Gp of W. 

Himalaya 
0 1211 2489 Sparsely Vegetated 

740 260027.20 3347418.11 S 39.65 973 
Jaunsar Gp of W. 

Himalaya 
0 1211 2353 Evergreen Forest 

741 203101.32 3345445.41 E 23.71 603 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

0 4611 181 Sparsely Vegetated 
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742 242235.39 3345514.71 S-W 18.14 1302 
Jaunsar Gp of W. 

Himalaya 
1696 3530 497 Evergreen Forest 

743 237148.07 3343401.16 E 35.77 778 
Jaunsar Gp of W. 

Himalaya 
0 4366 1983 Sparsely Vegetated 

744 237837.78 3343664.14 S-E 35.91 717 
Jaunsar Gp of W. 

Himalaya 
0 5208 2144 Evergreen Forest 

745 234578.89 3342413.15 W 17.21 621 
Jaunsar Gp of W. 

Himalaya 
2544 1712 1222 Shrub Land 

746 243104.53 3345007.73 N-E 13.96 1474 
Jaunsar Gp of W. 

Himalaya 
2682 3425 458 Evergreen Forest 

747 240944.13 3341949.99 N-W 36.34 1350 
Krol, Infrakrol & 

Blaini Formation 
2544 6174 0 Evergreen Forest 

748 241368.78 3342394.79 S 30.28 1405 
Krol, Infrakrol & 

Blaini Formation 
2399 6233 0 Sparsely Vegetated 

749 241966.31 3343270.95 N-W 7.96 1427 
Jaunsar Gp of W. 

Himalaya 
2682 5208 32 Sparsely Vegetated 

750 238940.71 3342790.38 S 12.28 927 
Jaunsar Gp of W. 

Himalaya 
1199 6054 1539 Shrub Land 

751 237372.69 3343524.89 S-E 22.81 696 
Jaunsar Gp of W. 

Himalaya 
0 5208 2021 Sparsely Vegetated 

752 240678.62 3344396.82 N-W 28.15 1164 
Jaunsar Gp of W. 

Himalaya 
848 4611 1135 Shrub Land 

753 249436.37 3344786.79 S-E 32.15 1299 
Jaunsar Gp of W. 

Himalaya 
1696 1211 3610 Evergreen Forest 

754 247355.54 3342707.54 N-W 34.13 834 
Jaunsar Gp of W. 

Himalaya 
848 2569 4467 Evergreen Forest 

755 247988.28 3342285.93 W 29.17 892 
Jaunsar Gp of W. 

Himalaya 
1696 1712 5007 Evergreen Forest 

756 247903.86 3342875.17 S 27.32 904 
Jaunsar Gp of W. 

Himalaya 
1696 1712 4426 Evergreen Forest 

757 245030.60 3345164.86 S-E 16.03 1052 
Jaunsar Gp of W. 

Himalaya 
1199 3425 1875 Evergreen Forest 

758 245670.40 3344480.71 N-E 30.51 633 
Jaunsar Gp of W. 

Himalaya 
0 4281 2686 Deciduous Forest 

759 245392.08 3342223.28 E 46.32 643 
Krol, Infrakrol & 

Blaini Formation 
848 3087 3399 Shrub Land 

760 245254.67 3342864.93 S-W 37.53 806 
Jaunsar Gp of W. 

Himalaya 
848 3632 3078 Deciduous Forest 

761 245966.59 3343137.14 S 35.06 861 
Jaunsar Gp of W. 

Himalaya 
848 3087 3601 Shrub Land 

762 244381.46 3343564.40 S 55.92 1164 
Jaunsar Gp of W. 

Himalaya 
1896 4843 1961 Shrub Land 

763 244935.93 3341751.95 N 45.63 812 
Krol, Infrakrol & 

Blaini Formation 
0 3087 2942 Evergreen Forest 
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764 245839.47 3341648.70 N-E 35.80 596 
Krol, Infrakrol & 

Blaini Formation 
0 2422 3417 Sparsely Vegetated 

765 250651.93 3342364.00 S-W 38.98 1487 
Jaunsar Gp of W. 

Himalaya 
1696 856 2946 Sparsely Vegetated 

766 262514.86 3345095.32 S-E 35.91 1287 
Jaunsar Gp of W. 

Himalaya 
1896 1914 5770 Sparsely Vegetated 

767 266645.15 3341688.14 S-E 25.51 761 
Jaunsar Gp of W. 

Himalaya 
0 7265 4198 Evergreen Forest 

768 263736.60 3343468.04 S 53.23 866 
Jaunsar Gp of W. 

Himalaya 
0 4281 7388 Evergreen Forest 

769 268680.50 3339295.29 E 20.36 580 
Jaunsar Gp of W. 

Himalaya 
0 10310 1125 Sparsely Vegetated 

770 268311.86 3340980.87 S 18.32 836 
Jaunsar Gp of W. 

Himalaya 
0 9101 2701 Sparsely Vegetated 

771 268771.34 3340582.07 W 43.50 769 
Jaunsar Gp of W. 

Himalaya 
0 9687 2068 Sparsely Vegetated 

772 268341.41 3341100.09 S-W 28.22 843 
Jaunsar Gp of W. 

Himalaya 
0 9101 2754 Sparsely Vegetated 

773 268722.71 3341081.57 W 26.86 956 
Jaunsar Gp of W. 

Himalaya 
0 9101 2444 Sparsely Vegetated 

774 236864.97 3340337.44 W 33.03 535 
Krol, Infrakrol & 

Blaini Formation 
848 2422 1421 Evergreen Forest 

775 239534.57 3340438.60 W 43.02 1084 
Krol, Infrakrol & 

Blaini Formation 
1896 3829 32 Evergreen Forest 

776 239661.58 3340431.28 N 27.35 1140 
Krol, Infrakrol & 

Blaini Formation 
1896 3829 0 Evergreen Forest 

777 239585.28 3341164.64 S-W 40.63 1007 
Krol, Infrakrol & 

Blaini Formation 
1896 4611 417 Evergreen Forest 

778 249105.53 3340198.93 W 38.15 952 
Jaunsar Gp of W. 

Himalaya 
1896 856 3144 Evergreen Forest 

779 246955.82 3340082.22 W 38.81 567 
Krol, Infrakrol 

&Blaini Formation 
0 856 3502 Evergreen Forest 

780 246698.43 3340739.24 S 34.98 635 
Krol, Infrakrol & 

Blaini Formation 
0 1211 3545 Shrub Land 

781 246499.92 3340664.64 S 38.17 531 
Krol, Infrakrol & 

Blaini Formation 
0 1914 3348 Shrub Land 

782 247924.87 3338931.54 S-W 27.19 738 
Krol, Infrakrol & 

Blaini Formation 
848 856 2088 Sparsely Vegetated 

783 245000.69 3340461.19 N 5.37 913 
Krol, Infrakrol & 

Blaini Formation 
848 1914 2004 Shrub Land 

784 243025.22 3339715.97 E 26.49 1287 
Krol, Infrakrol & 

Blaini Formation 
2399 3530 635 Sparsely Vegetated 

785 242072.90 3338934.98 S-W 31.29 1133 
Krol, Infrakrol & 

Blaini Formation 
2682 4281 1363 Shrub Land 
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786 241999.38 3338530.26 S-W 29.40 964 
Krol, Infrakrol & 

Blaini Formation 
1896 3530 1526 Deciduous Forest 

787 239947.26 3338124.46 W 25.27 740 
Krol, Infrakrol & 

Blaini Formation 
2399 2707 588 Sparsely Vegetated 

788 239552.53 3337583.77 S-E 23.54 682 
Krol, Infrakrol & 

Blaini Formation 
1896 1712 385 Shrub Land 

789 239402.99 3339971.49 W 36.64 1146 
Krol, Infrakrol & 

Blaini Formation 
2399 3829 32 Evergreen Forest 

790 238290.06 3337643.05 S 29.83 628 
Krol, Infrakrol & 

Blaini Formation 
1696 1211 72 Shrub Land 

791 248374.22 3337355.01 S-W 35.49 497 
Krol, Infrakrol & 

Blaini Formation 
0 2422 458 Shrub Land 

792 253661.13 3338464.54 S-E 31.54 944 
Jaunsar Gp of W. 

Himalaya 
848 0 3012 Shrub Land 

793 266867.23 3340765.63 S-E 42.35 910 
Jaunsar Gp of W. 

Himalaya 
848 7894 3311 Deciduous Forest 

794 267451.87 3341108.44 E 17.35 616 
Jaunsar Gp of W. 

Himalaya 
0 8476 3292 Sparsely Vegetated 

795 265988.59 3338701.06 S 29.69 1602 
Jaunsar Gp of W. 

Himalaya 
1896 8815 2664 Sparsely Vegetated 

796 266449.75 3338040.56 S-W 43.48 1104 
Jaunsar Gp of W. 

Himalaya 
2544 9261 2027 Sparsely Vegetated 

797 268303.17 3337589.09 S 34.76 619 
Jaunsar Gp of W. 

Himalaya 
0 10310 128 Sparsely Vegetated 

798 269841.49 3338334.94 S 54.29 806 
Jaunsar Gp of W. 

Himalaya 
848 12108 320 Sparsely Vegetated 

799 269422.28 3338057.22 S 35.96 734 
Jaunsar Gp of W. 

Himalaya 
848 10897 205 Sparsely Vegetated 

800 271936.87 3337879.01 S 38.97 839 
Jaunsar Gp of W. 

Himalaya 
2682 12728 1492 Sparsely Vegetated 

801 268367.51 3337224.50 S-E 33.90 583 
Jaunsar Gp of W. 

Himalaya 
0 10310 32 Sparsely Vegetated 

802 242861.38 3336744.07 S-E 19.90 461 
Krol, Infrakrol & 

Blaini Formation 
0 1914 32 Sparsely Vegetated 

803 240010.86 3336930.72 S-W 32.57 582 
Krol, Infrakrol & 

Blaini Formation 
1199 1211 903 Deciduous Forest 

804 239231.62 3336566.16 W 20.62 517 
Krol, Infrakrol & 

Blaini Formation 
1199 856 32 Shrub Land 

805 242913.09 3334935.61 W 31.42 545 
Krol, Infrakrol & 

Blaini Formation 
848 856 358 Evergreen Forest 

806 243304.66 3334840.49 S-W 33.82 719 
Krol, Infrakrol & 

Blaini Formation 
848 0 484 Evergreen Forest 

807 243676.65 3335330.38 N-W 28.68 806 
Krol, Infrakrol & 

Blaini Formation 
848 0 226 Evergreen Forest 
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808 249065.89 3336015.17 S-W 36.52 518 
Tal Fm of W. 

Himalaya 
0 856 466 Evergreen Forest 

809 248585.29 3335730.04 E 47.40 496 
Tal Fm of W. 

Himalaya 
848 856 0 Evergreen Forest 

810 248036.40 3335458.21 S 48.76 598 
Tal Fm of W. 

Himalaya 
848 0 115 Sparsely Vegetated 

811 247708.44 3335372.06 S 41.10 507 
Tal Fm of W. 

Himalaya 
848 0 45 Deciduous Forest 

812 248341.58 3335930.36 N 37.40 526 
Tal Fm of W. 

Himalaya 
848 856 45 Evergreen Forest 

813 251723.31 3335266.47 S-W 36.84 514 
Krol, Infrakrol & 

Blaini Formation 
0 0 0 Evergreen Forest 

814 251651.11 3335354.68 W 38.09 476 
Krol, Infrakrol & 

Blaini Formation 
0 0 0 Evergreen Forest 

815 249901.36 3337019.09 S 43.73 433 
Krol, Infrakrol & 

Blaini Formation 
848 1712 32 Shrub Land 

816 251269.13 3336229.14 S-W 49.26 472 
Krol, Infrakrol & 

Blaini Formation 
848 0 0 Evergreen Forest 

817 254971.64 3333795.37 N 46.01 947 
Krol, Infrakrol & 

Blaini Formation 
1696 856 1568 Evergreen Forest 

818 263914.21 3337107.05 S 33.07 1556 
Jaunsar Gp of W. 

Himalaya 
848 7315 4070 Sparsely Vegetated 

819 265649.59 3336690.94 S-W 55.15 1369 
Jaunsar Gp of W. 

Himalaya 
1696 8077 2406 Sparsely Vegetated 

820 269313.31 3336068.10 S 49.02 870 
Jaunsar Gp of W. 

Himalaya 
848 9687 1041 Sparsely Vegetated 

821 266456.41 3335494.42 S-W 45.92 836 
Jaunsar Gp of W. 

Himalaya 
1696 7265 1086 Shrub Land 

822 268420.11 3335108.43 S 45.66 641 
Jaunsar Gp of W. 

Himalaya 
0 8476 0 Sparsely Vegetated 

823 268612.26 3335190.96 S-E 26.19 585 
Jaunsar Gp of W. 

Himalaya 
0 8476 32 Evergreen Forest 

824 268251.45 3335467.20 E 36.37 590 
Jaunsar Gp of W. 

Himalaya 
0 8476 32 Sparsely Vegetated 

825 268282.88 3336310.06 E 23.98 567 
Jaunsar Gp of W. 

Himalaya 
0 9101 64 Sparsely Vegetated 

826 268229.60 3336437.19 E 35.76 605 
Jaunsar Gp of W. 

Himalaya 
0 9687 0 Sparsely Vegetated 

827 268249.02 3336507.33 E 37.47 612 
Jaunsar Gp of W. 

Himalaya 
0 9687 0 Sparsely Vegetated 

828 268213.63 3336670.13 E 28.10 657 
Jaunsar Gp of W. 

Himalaya 
0 9687 32 Sparsely Vegetated 

829 268375.20 3336789.64 E 25.99 541 
Jaunsar Gp of W. 

Himalaya 
0 9687 72 Sparsely Vegetated 
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830 268326.38 3337051.92 E 40.43 586 
Jaunsar Gp of W. 

Himalaya 
0 9687 0 Sparsely Vegetated 

831 268356.48 3337158.81 E 28.77 573 
Jaunsar Gp of W. 

Himalaya 
0 9687 0 Sparsely Vegetated 

832 271939.22 3334134.67 W 47.65 1025 
Jaunsar Gp of W. 

Himalaya 
848 9985 3501 Deciduous Forest 

833 272008.46 3334864.90 S-W 33.70 1357 
Jaunsar Gp of W. 

Himalaya 
1696 10728 3410 Sparsely Vegetated 

834 272537.45 3333612.43 S 35.26 904 
Jaunsar Gp of W. 

Himalaya 
848 9762 4219 Sparsely Vegetated 

835 268543.88 3334271.24 S-E 36.72 674 
Jaunsar Gp of W. 

Himalaya 
0 7894 838 Sparsely Vegetated 

836 268574.90 3334841.15 N 44.70 552 
Jaunsar Gp of W. 

Himalaya 
0 8476 286 Evergreen Forest 

837 268872.75 3336523.77 W 43.35 662 
Jaunsar Gp of W. 

Himalaya 
0 10310 608 Evergreen Forest 

838 269190.62 3336639.70 N 44.71 779 
Jaunsar Gp of W. 

Himalaya 
0 10310 704 Evergreen Forest 

839 274324.93 3334354.70 S-W 39.08 1217 
Jaunsar Gp of W. 

Himalaya 
848 11519 5483 Sparsely Vegetated 

840 274354.20 3333431.75 S-E 26.74 1056 
Jaunsar Gp of W. 

Himalaya 
0 10897 6002 Sparsely Vegetated 

841 276899.43 3333511.99 S-E 44.40 1154 
Jaunsar Gp of W. 

Himalaya 
0 12728 4442 Sparsely Vegetated 

842 244994.37 3333103.96 N-E 20.87 1162 
Krol, Infrakrol & 

Blaini Formation 
1896 0 1135 Shrub Land 

843 260139.54 3333089.90 W 31.76 929 
Krol, Infrakrol & 

Blaini Formation 
0 2422 2906 Shrub Land 

844 247966.48 3332465.43 S-E 17.90 461 
Subathu Fm. of W. 

Himalaya 
0 0 45 Evergreen Forest 

845 246872.09 3330594.02 S-E 40.11 620 Amri Tectonic unit 848 0 64 Evergreen Forest 

846 244187.01 3331393.44 E 22.91 972 
Tal Fm of W. 

Himalaya 
2544 1211 45 Sparsely Vegetated 

847 246453.83 3329315.66 S 28.85 682 Amri Tectonic unit 0 856 1165 Deciduous Forest 

848 249809.81 3331923.28 N 45.81 1134 
Subathu Fm. of W. 

Himalaya 
1696 856 1884 Evergreen Forest 

849 255674.59 3330298.12 S 38.71 882 
Subathu Fm. of W. 

Himalaya 
1696 856 1131 Shrub Land 

850 260975.32 3332177.61 S-E 34.93 1059 
Krol, Infrakrol & 

Blaini Formation 
848 1914 1772 Sparsely Vegetated 

851 260967.57 3329809.16 S 43.86 757 
Subathu Fm. of W. 

Himalaya 
0 0 32 Evergreen Forest 
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852 260781.81 3329584.27 E 38.05 797 
Subathu Fm. of W. 

Himalaya 
0 0 0 Sparsely Vegetated 

853 259827.74 3332244.19 E 38.32 887 
Krol, Infrakrol & 

Blaini Formation 
0 1712 2318 Sparsely Vegetated 

854 258198.98 3329772.23 S-E 47.52 644 
Subathu Fm. of W. 

Himalaya 
0 1211 160 Shrub Land 

855 262527.92 3329363.79 N-E 28.99 567 
Subathu Fm. of W. 

Himalaya 
0 0 1042 Evergreen Forest 

856 261606.43 3329489.99 N 56.79 508 
Subathu Fm. of W. 

Himalaya 
0 856 644 Evergreen Forest 

857 263228.24 3329881.40 S 38.87 784 
Krol, Infrakrol & 

Blaini Formation 
0 1211 1021 Sparsely Vegetated 

858 267194.06 3330133.27 S-E 33.12 598 
Jaunsar Gp of W. 

Himalaya 
0 4281 716 Evergreen Forest 

859 266945.28 3329772.23 S-E 38.33 554 
Jaunsar Gp of W. 

Himalaya 
0 3632 792 Sparsely Vegetated 

860 265858.79 3330226.90 S-W 33.59 945 
Krol, Infrakrol & 

Blaini Formation 
1199 3087 32 Sparsely Vegetated 

861 266564.68 3330865.96 S-W 31.62 894 
Jaunsar Gp of W. 

Himalaya 
848 4281 32 Sparsely Vegetated 

862 268138.39 3330534.18 W 49.60 548 
Jaunsar Gp of W. 

Himalaya 
0 5415 1094 Shrub Land 

863 272031.89 3330528.04 S-W 38.50 1546 
Jaunsar Gp of W. 

Himalaya 
2399 7265 4911 Sparsely Vegetated 

864 216985.88 3327563.39 S 20.27 635 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

2399 12169 7365 Sparsely Vegetated 

865 218753.82 3325906.86 S-W 5.39 662 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

3793 12728 6203 Sparsely Vegetated 

866 218389.09 3326273.99 S 21.54 657 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

4241 13319 6387 Sparsely Vegetated 

867 217424.01 3326391.14 E 8.66 636 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

3598 12728 6257 Deciduous Forest 

868 215852.23 3326711.99 W 31.30 464 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

2399 12108 6475 Sparsely Vegetated 

869 220232.23 3325060.25 N-W 48.81 656 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

3497 10897 6114 Shrub Land 
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870 218481.65 3325981.61 S-E 7.27 702 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

4241 12728 6150 Deciduous Forest 

871 244320.49 3326417.05 N-W 28.31 766 
Subathu Fm. of W. 

Himalaya 
1896 0 1020 Sparsely Vegetated 

872 243870.32 3325156.44 W 40.19 667 
Subathu Fm. of W. 

Himalaya 
1199 856 2116 Deciduous Forest 

873 247070.10 3327628.05 N-E 37.30 842 Amri Tectonic unit 848 1914 1255 Evergreen Forest 

874 259961.49 3328768.72 E 54.43 716 
Subathu Fm. of W. 

Himalaya 
0 856 0 Evergreen Forest 

875 253951.68 3328070.02 E 21.21 1151 
Jaunsar Gp of W. 

Himalaya 
848 1712 1334 Shrub Land 

876 252418.07 3327557.16 S-W 35.17 799 
Jaunsar Gp of W. 

Himalaya 
848 3087 2626 Shrub Land 

877 253156.86 3325729.21 S-W 42.29 742 
Jaunsar Gp of W. 

Himalaya 
0 4281 3769 Sparsely Vegetated 

878 260530.90 3327199.84 N-E 39.22 527 
Subathu Fm. of W. 

Himalaya 
0 856 885 Sparsely Vegetated 

879 267696.59 3328666.69 S-E 36.05 567 
Krol, Infrakrol & 

Blaini Formation 
0 3530 2110 Sparsely Vegetated 

880 264617.19 3328735.74 N 43.23 666 
Krol, Infrakrol & 

Blaini Formation 
0 1914 1403 Deciduous Forest 

881 266635.38 3327373.61 N-E 35.09 633 
Krol, Infrakrol & 

Blaini Formation 
0 1712 2694 Sparsely Vegetated 

882 266142.27 3326363.40 E 49.18 1046 
Subathu Fm. of W. 

Himalaya 
1199 856 3535 Deciduous Forest 

883 241967.08 3324726.56 N 43.45 851 
Krol, Infrakrol & 

Blaini Formation 
848 0 3708 Shrub Land 

884 264122.71 3324786.20 N-W 35.92 1252 
Subathu Fm. of W. 

Himalaya 
3058 856 5153 Evergreen Forest 

885 216539.08 3324575.69 W 10.52 477 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

2544 13374 4330 Sparsely Vegetated 

886 224840.38 3322229.57 W 18.59 659 
Lower Siwalik 

Group 
3058 6054 3593 Deciduous Forest 

887 223661.29 3322834.70 S 15.87 699 
Lower Siwalik 

Group 
2544 7265 4594 Deciduous Forest 

888 225426.17 3322097.89 S 13.49 700 
Lower Siwalik 

Group 
2682 5482 3007 Shrub Land 

889 226438.41 3322104.51 E 6.74 639 
Lower Siwalik 

Group 
2399 4843 2080 Deciduous Forest 

890 245008.87 3323305.32 N 38.09 790 
Subathu Fm. of W. 

Himalaya 
0 856 2390 Shrub Land 
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891 248718.15 3323042.48 N-W 27.71 1001 Amri Tectonic unit 2682 4281 833 Sparsely Vegetated 

892 246595.16 3322026.12 E 24.92 876 
Subathu Fm. of W. 

Himalaya 
0 1712 2336 Sparsely Vegetated 

893 246298.20 3321590.78 E 26.53 1033 
Subathu Fm. of W. 

Himalaya 
848 1712 2661 Sparsely Vegetated 

894 246171.16 3322143.08 N-E 28.47 789 
Subathu Fm. of W. 

Himalaya 
0 1712 2557 Sparsely Vegetated 

895 245841.33 3322086.27 N 46.66 813 
Subathu Fm. of W. 

Himalaya 
0 1712 2836 Evergreen Forest 

896 245281.30 3322316.40 N 35.97 741 
Subathu Fm. of W. 

Himalaya 
0 856 3128 Evergreen Forest 

897 250584.74 3321521.82 S 40.73 1199 Amri Tectonic unit 2544 5993 0 Sparsely Vegetated 

898 253880.85 3322431.37 N 13.79 654 
Jaunsar Gp of W. 

Himalaya 
0 6903 2805 Shrub Land 

899 262114.12 3321044.78 S-E 31.74 1069 Amri Tectonic unit 0 3632 7155 Sparsely Vegetated 

900 263474.67 3323154.90 S-W 24.92 1517 
Jaunsar Gp of W. 

Himalaya 
1896 1914 5875 Sparsely Vegetated 

901 274137.70 3323702.67 N 39.00 809 
Jaunsar Gp of W. 

Himalaya 
0 4281 3057 Evergreen Forest 

902 280345.81 3321641.93 W 44.47 1535 
Jaunsar Gp of W. 

Himalaya 
1696 6687 3299 Sparsely Vegetated 

903 224185.44 3317599.42 S 20.52 416 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

2399 4281 618 Built-up 

904 223774.26 3318950.89 E 30.63 470 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

1896 4611 1109 Built-up 

905 224322.94 3318734.11 N-W 21.42 482 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

1896 4611 618 Built-up 

906 226683.30 3319424.39 E 13.62 349 
Lower Siwalik 

Group 
0 3087 375 Built-up 

907 225902.83 3317346.87 S 21.26 462 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

848 2422 375 Built-up 

908 226438.43 3317443.01 S-E 6.50 447 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

848 1712 32 Built-up 

909 226457.78 3317802.18 S-E 20.75 358 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

848 1914 72 Built-up 

910 252647.99 3318026.76 N-W 34.26 1082 Amri Tectonic unit 1199 6054 0 Sparsely Vegetated 
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911 249356.46 3317251.38 E 40.56 1221 Amri Tectonic unit 1696 3087 1832 Sparsely Vegetated 

912 271101.39 3318625.77 S 40.38 766 
Jaunsar Gp of W. 

Himalaya 
0 1211 1970 Sparsely Vegetated 

913 280074.54 3319583.42 E 25.13 1397 
Jaunsar Gp of W. 

Himalaya 
848 5482 2986 Sparsely Vegetated 

914 259616.63 3315342.15 N-W 50.23 837 
Jaunsar Gp of W. 

Himalaya 
0 8077 1775 Sparsely Vegetated 

915 259541.32 3315222.40 N-W 49.35 855 
Jaunsar Gp of W. 

Himalaya 
0 8077 1617 Sparsely Vegetated 

916 266350.65 3314981.11 N-E 23.88 1587 Amri Tectonic unit 1896 6174 6116 Evergreen Forest 

917 279187.56 3315637.49 S 46.08 975 
Jaunsar Gp of W. 

Himalaya 
848 1914 1600 Shrub Land 

918 275863.22 3315925.18 S-E 38.17 704 
Tal Fm of W. 

Himalaya 
0 0 967 Sparsely Vegetated 

919 277288.36 3313106.11 E 40.02 1201 
Tal Fm of W. 

Himalaya 
1199 0 1050 Sparsely Vegetated 

920 232034.52 3308895.78 S 6.12 548 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

2399 1914 3825 Sparsely Vegetated 

921 247511.37 3309076.11 N-W 50.88 917 
Lower Siwalik 

Group 
848 856 2291 Shrub Land 

922 244574.16 3309281.99 S-E 7.27 815 
Lower Siwalik 

Group 
848 1914 4717 Deciduous Forest 

923 244497.65 3309702.18 W 5.93 880 
Lower Siwalik 

Group 
848 1914 4918 Deciduous Forest 

924 245276.02 3310123.98 W 31.08 897 
Lower Siwalik 

Group 
1696 856 4509 Shrub Land 

925 246615.72 3310066.18 S-W 32.80 931 
Lower Siwalik 

Group 
848 856 3168 Deciduous Forest 

926 249687.59 3311352.13 E 46.96 1064 
Subathu Fm. of W. 

Himalaya 
0 856 1699 Deciduous Forest 

927 273026.97 3311999.79 S-E 28.07 1669 
Jaunsar Gp of W. 

Himalaya 
3058 3632 1933 Sparsely Vegetated 

928 288668.67 3309830.70 W 40.58 752 
Jaunsar Gp of W. 

Himalaya 
0 4281 7068 Sparsely Vegetated 

929 297146.11 3309647.48 N-E 24.75 1223 
Jaunsar Gp of W. 

Himalaya 
0 2422 288 Sparsely Vegetated 

930 246661.00 3308380.04 W 39.83 871 
Subathu Fm. of W. 

Himalaya 
0 856 3292 Shrub Land 

931 266747.97 3307976.44 S-E 40.56 1164 Amri Tectonic unit 1896 3087 295 Sparsely Vegetated 

932 292090.82 3308193.62 S-W 30.04 1330 
Jaunsar Gp of W. 

Himalaya 
848 4843 5408 Sparsely Vegetated 
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933 309676.94 3304934.48 N 27.53 1246 
Jaunsar Gp of W. 

Himalaya 
848 2569 0 Sparsely Vegetated 

934 309784.69 3305191.02 N-W 50.96 1241 
Jaunsar Gp of W. 

Himalaya 
1199 2569 0 Evergreen Forest 

935 309504.45 3306193.36 S-W 50.89 1218 
Jaunsar Gp of W. 

Himalaya 
1696 2707 0 Sparsely Vegetated 

936 241400.90 3307837.32 S 27.28 527 
Lower Siwalik 

Group 
1696 0 1385 Sparsely Vegetated 

937 253808.84 3306962.46 E 21.96 1267 
Krol, Infrakrol 

&Blaini Formation 
1199 0 3188 Shrub Land 

938 250978.65 3305819.02 W 23.06 863 
Lower Siwalik 

Group 
1199 856 3947 Sparsely Vegetated 

939 251152.49 3305774.76 W 17.43 929 
Lower Siwalik 

Group 
1199 856 4030 Sparsely Vegetated 

940 260142.17 3306801.38 S 28.92 1014 
Subathu Fm. of W. 

Himalaya 
0 856 215 Sparsely Vegetated 

941 259687.89 3306356.77 N 42.87 969 
Subathu Fm. of W. 

Himalaya 
0 0 362 Shrub Land 

942 261797.47 3307335.39 S-W 28.88 1383 
Jaunsar Gp of W. 

Himalaya 
1199 1712 385 Sparsely Vegetated 

943 262645.89 3306655.78 S-W 19.90 1232 
Jaunsar Gp of W. 

Himalaya 
848 856 707 Sparsely Vegetated 

944 264028.29 3305636.78 W 47.89 1174 
Jaunsar Gp of W. 

Himalaya 
1696 856 1726 Sparsely Vegetated 

945 280289.08 3305699.15 W 12.41 1409 
Jaunsar Gp of W. 

Himalaya 
1696 1712 3019 Sparsely Vegetated 

946 290970.81 3307098.10 E 27.91 829 
Jaunsar Gp of W. 

Himalaya 
0 2422 6564 Sparsely Vegetated 

947 286423.05 3304981.97 S 31.37 1152 
Tal Fm of W. 

Himalaya 
848 1211 4893 Sparsely Vegetated 

948 278845.97 3304217.47 E 33.74 989 
Jaunsar Gp of W. 

Himalaya 
0 3829 1096 Sparsely Vegetated 

949 313382.69 3300975.67 E 31.17 1363 
Jaunsar Gp of W. 

Himalaya 
0 856 0 Sparsely Vegetated 

950 312387.17 3301309.46 S-W 34.38 1329 
Jaunsar Gp of W. 

Himalaya 
0 0 64 Sparsely Vegetated 

951 312356.73 3301892.65 S-W 26.88 1432 
Jaunsar Gp of W. 

Himalaya 
848 0 32 Sparsely Vegetated 

952 311455.15 3301771.16 S 21.45 1537 
Jaunsar Gp of W. 

Himalaya 
0 856 32 Sparsely Vegetated 

953 311527.48 3301491.52 S-W 37.77 1386 
Jaunsar Gp of W. 

Himalaya 
0 856 91 Evergreen Forest 

954 310831.87 3302368.12 S-E 38.21 1572 
Jaunsar Gp of W. 

Himalaya 
848 0 0 Sparsely Vegetated 
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955 310736.77 3302270.57 S-E 27.67 1591 
Jaunsar Gp of W. 

Himalaya 
848 856 32 Sparsely Vegetated 

956 315722.41 3300720.94 W 30.26 1597 

Almora 

Crystallines Fm of 

W.Himalaya. 

848 3425 769 Sparsely Vegetated 

957 313990.96 3300548.03 E 52.05 1424 
Jaunsar Gp of W. 

Himalaya 
0 1712 358 Sparsely Vegetated 

958 311745.70 3301010.17 N-W 32.43 1306 
Jaunsar Gp of W. 

Himalaya 
0 0 101 Shrub Land 

959 253612.77 3302647.56 S-E 19.73 1023 
Subathu Fm. of W. 

Himalaya 
1696 856 4056 Shrub Land 

960 256754.67 3302316.84 W 27.18 832 
Lower Siwalik 

Group 
1199 856 4429 Sparsely Vegetated 

961 257073.96 3302040.90 S-W 35.66 923 
Lower Siwalik 

Group 
1696 0 4378 Sparsely Vegetated 

962 264232.45 3301397.06 N-E 18.40 1357 
Krol, Infrakrol & 

Blaini Formation 
3393 856 3841 Sparsely Vegetated 

963 265766.52 3301239.58 S-W 30.29 1292 
Krol, Infrakrol & 

Blaini Formation 
1896 856 2415 Sparsely Vegetated 

964 279519.25 3303246.40 E 36.16 911 Amri Tectonic unit 0 4281 731 Sparsely Vegetated 

965 295916.88 3302846.19 S-E 44.85 1177 
Jaunsar Gp of W. 

Himalaya 
0 1914 3882 Sparsely Vegetated 

966 305376.11 3302924.85 S-E 12.79 1139 
Jaunsar Gp of W. 

Himalaya 
0 3632 2084 Sparsely Vegetated 

967 305298.21 3302922.51 N 21.33 1160 
Jaunsar Gp of W. 

Himalaya 
0 3632 2073 Sparsely Vegetated 

968 305068.62 3302722.65 S-E 41.68 1154 
Jaunsar Gp of W. 

Himalaya 
0 3632 1815 Sparsely Vegetated 

969 304869.10 3302307.91 E 22.67 1097 
Jaunsar Gp of W. 

Himalaya 
0 3632 1375 Sparsely Vegetated 

970 306457.48 3300508.34 E 26.71 1402 
Jaunsar Gp of W. 

Himalaya 
0 1914 373 Sparsely Vegetated 

971 311375.71 3301028.75 E 40.75 1275 
Jaunsar Gp of W. 

Himalaya 
0 856 192 Evergreen Forest 

972 313400.02 3300283.21 N-E 27.98 1450 
Jaunsar Gp of W. 

Himalaya 
848 1712 32 Sparsely Vegetated 

973 315061.57 3299833.57 N-E 30.83 1551 

Almora 

Crystallines Fm of 

W.Himalaya. 

0 2569 0 Sparsely Vegetated 

974 263240.31 3299966.79 S-W 37.25 1075 
Lower Siwalik 

Group 
3058 856 3163 Shrub Land 

975 265167.35 3299616.98 S-E 8.18 1267 
Lower Siwalik 

Group 
1696 856 2113 Deciduous Forest 
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976 264980.67 3299593.50 S-E 5.09 1303 
Lower Siwalik 

Group 
1696 856 2127 Deciduous Forest 

977 268828.49 3300119.52 S-E 42.00 858 
Krol, Infrakrol & 

Blaini Formation 
0 856 317 Sparsely Vegetated 

978 296784.79 3300305.00 N-E 37.63 993 
Jaunsar Gp of W. 

Himalaya 
0 2422 1219 Sparsely Vegetated 

979 320022.27 3296394.64 S-E 33.52 1830 

Almora 

Crystallines Fm of 

W.Himalaya. 

3497 0 0 Sparsely Vegetated 

980 320085.32 3296473.07 S-E 43.73 1798 

Almora 

Crystallines Fm of 

W.Himalaya. 

3497 0 0 Evergreen Forest 

981 256717.87 3298382.72 W 46.75 695 
Lower Siwalik 

Group 
2544 1914 2344 Deciduous Forest 

982 265383.79 3299407.24 S-W 34.62 1071 
Lower Siwalik 

Group 
1696 856 1922 Shrub Land 

983 265087.60 3299440.60 S-E 40.85 1177 
Lower Siwalik 

Group 
1696 856 1959 Shrub Land 

984 264884.70 3299476.61 S 34.24 1233 
Lower Siwalik 

Group 
1696 856 2015 Sparsely Vegetated 

985 265284.75 3298978.96 N-E 19.75 907 
Lower Siwalik 

Group 
1696 856 1472 Shrub Land 

986 265437.91 3299145.17 S 28.92 953 
Lower Siwalik 

Group 
1696 856 1669 Shrub Land 

987 265344.96 3298699.50 N-E 43.17 923 
Lower Siwalik 

Group 
848 856 1218 Shrub Land 

988 265645.59 3298403.90 E 35.65 755 
Lower Siwalik 

Group 
848 856 885 Shrub Land 

989 268674.25 3296831.41 S-E 17.28 1128 
Lower Siwalik 

Group 
1199 1914 1565 Shrub Land 

990 276990.31 3296878.77 E 32.74 655 
Subathu Fm. of W. 

Himalaya 
0 1712 32 Deciduous Forest 

991 296138.61 3297431.15 S-W 13.06 1152 
Tal Fm of W. 

Himalaya 
0 0 91 Sparsely Vegetated 

992 297347.08 3296976.68 S-W 28.31 1452 
Tal Fm of W. 

Himalaya 
1696 1211 1323 Sparsely Vegetated 

993 291781.90 3296316.03 E 30.71 1364 
Lower Siwalik 

Group 
2399 1914 275 Sparsely Vegetated 

994 298986.77 3296979.94 N 43.08 1601 
Krol, Infrakrol & 

Blaini Formation 
848 2422 2530 Sparsely Vegetated 

995 320092.09 3296209.66 E 25.48 1791 

Almora 

Crystallines Fm of 

W.Himalaya. 

2682 0 32 Sparsely Vegetated 
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996 320111.05 3296236.45 N-E 29.92 1770 

Almora 

Crystallines Fm of 

W.Himalaya. 

2682 0 32 Sparsely Vegetated 

997 320118.24 3295333.42 S 34.24 1768 

Almora 

Crystallines Fm of 

W.Himalaya. 

1896 0 0 Sparsely Vegetated 

998 319121.28 3295301.51 E 18.74 1797 

Almora 

Crystallines Fm of 

W.Himalaya. 

1696 856 0 Evergreen Forest 

999 261829.96 3295512.82 S 23.22 663 
Lower Siwalik 

Group 
848 2422 831 Shrub Land 

1000 291681.69 3296187.61 S-E 31.44 1343 
Jaunsar Gp of W. 

Himalaya 
3058 1914 295 Sparsely Vegetated 

1001 325910.53 3292265.84 S-E 26.83 1782 

Almora 

Crystallines Fm of 

W.Himalaya. 

3058 856 195 Deciduous Forest 

1002 321752.85 3294786.43 E 19.03 1844 

Almora 

Crystallines Fm of 

W.Himalaya. 

3058 856 136 Sparsely Vegetated 

1003 320260.19 3295089.70 S 24.60 1770 

Almora 

Crystallines Fm of 

W.Himalaya. 

1896 856 32 Deciduous Forest 

1004 318916.00 3294883.26 S 30.73 1849 

Almora 

Crystallines Fm of 

W.Himalaya. 

1896 856 0 Sparsely Vegetated 

1005 318742.64 3294974.00 S-W 34.50 1859 

Almora 

Crystallines Fm of 

W.Himalaya. 

1896 856 0 Sparsely Vegetated 

1006 318253.72 3294769.61 S 20.09 1878 
Jaunsar Gp of W. 

Himalaya 
1896 1211 0 Sparsely Vegetated 

1007 318059.62 3294891.95 S 33.53 1926 
Jaunsar Gp of W. 

Himalaya 
2399 1211 0 Shrub Land 

1008 317006.24 3294685.92 S-E 22.95 1762 
Jaunsar Gp of W. 

Himalaya 
2544 1914 0 Sparsely Vegetated 

1009 316967.06 3294541.51 E 33.19 1760 
Jaunsar Gp of W. 

Himalaya 
1696 1914 0 Sparsely Vegetated 

1010 316073.50 3294024.37 S 11.49 1616 
Jaunsar Gp of W. 

Himalaya 
1896 2569 275 Sparsely Vegetated 

1011 315877.94 3294580.69 S 30.82 1783 
Jaunsar Gp of W. 

Himalaya 
2682 3425 0 Sparsely Vegetated 

1012 315637.60 3294588.66 S 25.10 1775 
Jaunsar Gp of W. 

Himalaya 
2399 3425 32 Sparsely Vegetated 

1013 315353.67 3293651.00 S 13.22 1803 
Jaunsar Gp of W. 

Himalaya 
1696 3425 0 Sparsely Vegetated 
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1014 306810.62 3293364.19 N 37.79 1545 
Jaunsar Gp of W. 

Himalaya 
848 4281 905 Sparsely Vegetated 

1015 287813.01 3292035.22 N-E 20.09 1029 
Jaunsar Gp of W. 

Himalaya 
848 2422 736 Evergreen Forest 

1016 319347.51 3292049.86 W 30.84 1350 
Jaunsar Gp of W. 

Himalaya 
0 856 865 Sparsely Vegetated 

1017 299685.61 3290517.41 W 24.24 1536 
Lower Siwalik 

Group 
1896 0 6858 Sparsely Vegetated 

1018 321191.18 3290315.06 S 27.87 1729 
Jaunsar Gp of W. 

Himalaya 
1896 3632 385 Sparsely Vegetated 

1019 331346.65 3287750.33 S 33.37 877 

Almora 

Crystallines Fm of 

W.Himalaya. 

848 856 466 Sparsely Vegetated 

1020 331153.16 3287843.16 S 20.31 959 

Almora 

Crystallines Fm of 

W.Himalaya. 

0 856 641 Sparsely Vegetated 

1021 330989.90 3287961.41 S 27.49 1013 

Almora 

Crystallines Fm of 

W.Himalaya. 

0 856 801 Sparsely Vegetated 

1022 330711.53 3287951.46 S 38.82 997 

Almora 

Crystallines Fm of 

W.Himalaya. 

848 856 1088 Sparsely Vegetated 

1023 310800.70 3288083.77 S-E 45.44 1267 
Krol, Infrakrol & 

Blaini Formation 
0 4611 1559 Sparsely Vegetated 

1024 331263.83 3284682.76 W 36.30 982 

Almora 

Crystallines Fm of 

W.Himalaya. 

1199 1211 1518 Sparsely Vegetated 

1025 331153.78 3284767.25 S-W 17.60 932 

Almora 

Crystallines Fm of 

W.Himalaya. 

1199 1211 1591 Sparsely Vegetated 

1026 331253.53 3285212.24 W 36.05 885 

Almora 

Crystallines Fm of 

W.Himalaya. 

1199 856 1344 Sparsely Vegetated 

1027 329604.68 3285894.97 S 23.44 1190 

Almora 

Crystallines Fm of 

W.Himalaya. 

848 1914 1619 Sparsely Vegetated 

1028 329787.61 3285566.08 S 36.45 1057 

Almora 

Crystallines Fm of 

W.Himalaya. 

848 1712 1972 Sparsely Vegetated 

1029 327962.83 3285341.79 S-W 32.46 1391 

Almora 

Crystallines Fm of 

W.Himalaya. 

2544 1712 1531 Sparsely Vegetated 

1030 327181.57 3285592.17 S-W 28.19 1431 
Jaunsar Gp of W. 

Himalaya 
1696 856 1316 Sparsely Vegetated 



APPENDIX A1 

194 

 

1031 302946.77 3286626.87 S-W 33.33 1494 
Tal Fm of W. 

Himalaya 
1696 3829 4184 Sparsely Vegetated 

1032 308405.27 3284756.29 S-E 17.25 1582 
Krol, Infrakrol & 

Blaini Formation 
2399 4366 0 Deciduous Forest 

1033 316551.03 3286892.53 E 46.56 964 
Jaunsar Gp of W. 

Himalaya 
0 6520 480 Sparsely Vegetated 

1034 317683.83 3286749.29 S 37.62 1251 
Jaunsar Gp of W. 

Himalaya 
0 6054 1364 Sparsely Vegetated 

1035 318655.25 3286716.87 S 27.58 1221 
Jaunsar Gp of W. 

Himalaya 
848 5993 2166 Sparsely Vegetated 

1036 323226.12 3286699.12 E 24.21 1108 
Jaunsar Gp of W. 

Himalaya 
848 3425 1361 Sparsely Vegetated 

1037 263571.99 3283732.50 S-W 15.84 814 
Lower Siwalik 

Group 
3058 856 2920 Sparsely Vegetated 

1038 264255.84 3283702.37 E 32.95 624 
Lower Siwalik 

Group 
2399 1211 3419 Sparsely Vegetated 

1039 317989.63 3282885.67 E 39.12 769 
Jaunsar Gp of W. 

Himalaya 
0 7315 750 Sparsely Vegetated 

1040 270770.20 3281838.37 S-E 7.77 506 

Middle Siwalik Gp 

of w. & e. 

Himalayas 

848 2707 7826 Sparsely Vegetated 

1041 300821.29 3280376.10 N-E 40.66 650 
Krol, Infrakrol & 

Blaini Formation 
0 1914 45 Deciduous Forest 

1042 306246.34 3281853.23 E 18.58 1072 
Krol, Infrakrol & 

Blaini Formation 
1896 1211 295 Sparsely Vegetated 

1043 278505.16 3279170.23 S-W 35.11 726 
Lower Siwalik 

Group 
2399 2422 9131 Sparsely Vegetated 

1044 299609.80 3279596.62 S 16.40 917 
Lower Siwalik 

Group 
848 3530 704 Shrub Land 

1045 303411.83 3279600.16 W 41.86 587 
Krol, Infrakrol & 

Blaini Formation 
0 1914 885 Shrub Land 

1046 309926.87 3278634.48 N-W 31.77 949 
Krol, Infrakrol & 

Blaini Formation 
848 0 2906 Sparsely Vegetated 

1047 310136.56 3279386.36 W 31.03 944 
Krol, Infrakrol & 

Blaini Formation 
848 856 2661 Sparsely Vegetated 

1048 315013.06 3278648.31 E 26.67 886 
Krol, Infrakrol & 

Blaini Formation 
0 1914 163 Sparsely Vegetated 

1049 325735.87 3278540.05 N-W 44.07 734 
Jaunsar Gp of W. 

Himalaya 
0 6174 2585 Sparsely Vegetated 

1050 325977.98 3279751.71 W 39.20 766 
Jaunsar Gp of W. 

Himalaya 
0 6054 1356 Sparsely Vegetated 

1051 314836.95 3275964.62 E 35.52 665 
Jaunsar Gp of W. 

Himalaya 
848 0 329 Sparsely Vegetated 
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1052 314831.11 3275839.07 E 23.60 655 
Jaunsar Gp of W. 

Himalaya 
0 0 407 Sparsely Vegetated 

1053 313702.48 3276689.22 S 25.28 628 
Jaunsar Gp of W. 

Himalaya 
0 0 1406 Shrub Land 

1054 316517.67 3276245.60 E 57.24 536 
Jaunsar Gp of W. 

Himalaya 
0 856 761 Shrub Land 

1055 325411.53 3277753.08 N-E 39.53 716 
Jaunsar Gp of W. 

Himalaya 
0 5482 3442 Sparsely Vegetated 

1056 315905.71 3275475.57 S-W 39.86 715 
Jaunsar Gp of W. 

Himalaya 
848 856 132 Shrub Land 

1057 321375.91 3275039.27 N 27.35 951 
Jaunsar Gp of W. 

Himalaya 
0 1712 2310 Sparsely Vegetated 

1058 322552.94 3275283.90 S-W 39.52 1077 
Jaunsar Gp of W. 

Himalaya 
848 1712 2290 Sparsely Vegetated 

1059 320978.96 3272117.99 W 28.50 894 
Jaunsar Gp of W. 

Himalaya 
2399 1712 1656 Evergreen Forest 

1060 322765.79 3273217.04 S-E 29.17 1399 
Jaunsar Gp of W. 

Himalaya 
2682 0 3704 Sparsely Vegetated 

1061 275334.29 3271650.41 S-E 35.13 559 
Lower Siwalik 

Group 
3058 0 5024 Shrub Land 

1062 287866.47 3264745.58 S-E 18.02 533 
Lower Siwalik 

Group 
1199 856 2813 Sparsely Vegetated 
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Table A2: No. of observed landslides for fault Euclidean distance 

  Fault Euclidian Distance (m) No. of Observed Landslides 

0 3 

100 16 

200 14 

300 14 

400 13 

500 23 

600 17 

700 19 

800 8 

900 14 

1000 8 

1100 13 

1200 6 

1300 13 

1400 10 

1500 5 

1600 10 

1700 9 

1800 6 

1900 8 

2000 3 

2100 11 

2200 9 

2300 7 

2400 6 

2500 7 

2600 3 

2700 6 

2800 4 

2900 3 

3000 5 

3100 6 

3200 6 

3300 5 

3400 3 

3500 8 

3600 8 

3700 5 

3800 5 
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  3900 4 

4000 6 

4100 2 

4200 2 

4300 3 

4400 7 

4500 3 

4600 2 

4700 4 

4800 5 

4900 5 

5000 5 

5100 1 

5200 2 

5300 2 

5400 1 

5500 1 

5600 3 

5700 5 

5800 4 

5900 3 

6000 2 

6100 1 

6200 3 

6300 3 

6400 3 

6500 5 

6600 1 

6700 2 

6800 0 

6900 3 

7000 2 

7100 0 

7200 0 

7300 1 

7400 2 

7500 2 

7600 1 

7700 3 

7800 2 

7900 0 
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  8000 0 

8100 7 

8200 1 

8300 2 

8400 0 

8500 3 

8600 1 

8700 1 

8800 2 

8900 2 

9000 2 

9100 1 

9200 1 

9300 2 

9400 0 

9500 1 

9600 3 

9700 2 

9800 0 

9900 1 

10000 2 

10100 3 

10200 2 

10300 1 

10400 0 

10500 2 

10600 0 

10700 1 

10800 0 

10900 0 

11000 0 

11100 0 

11200 0 

11300 1 

11400 0 

11500 3 

11600 0 

11700 1 

11800 1 

11900 1 

12000 1 
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12100 0 

12200 0 

12300 0 

12400 0 

12500 0 

12600 0 

12700 0 

12800 1 

12900 0 

13000 1 

13100 1 

13200 1 

13300 0 

13400 0 

13500 2 

13600 1 

13700 2 

13800 2 

13900 0 

14000 0 

14100 0 

14200 0 

14300 0 

14400 0 

14500 0 

14600 0 

14700 0 

14800 1 
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Table A3: Earthquake Catalogue 

Longitude Latitude Year Month Date Magnitude Depth 

Time 

Hour Minute 

80 30 1720 7 25 7.5 1 0 0 

80 31.3 1751 1 1 7 1 0 0 

80 30 1803 5 22 6.4 5 17 0 

79 31.5 1803 9 1 7.5 5 1 30 

78.5 30.7 1809 1 1 5.5 5 0 0 

79 30 1809 1 1 6.3 5 0 0 

79 30.9 1816 5 26 6.4 5 22 30 

81 30 1816 8 28 7.5 5 0 0 

77.2 28.53 1825 3 22 4.3 5 12 35 

77.2 28.53 1830 7 17 4.3 5 1 15 

77.2 28.53 1831 10 24 5.4 5 12 30 

79.6 29.4 1831 12 25 5.1 5 21 0 

79.6 29.4 1832 7 2 4.5 5 23 0 

79.6 29.4 1832 9 23 4 5 22 0 

79.6 29.4 1833 5 30 6 5 0 0 

79.6 29.4 1835 1 4 4 5 7 0 

79.6 29.4 1835 1 14 5.1 5 1 30 

77.2 28.7 1842 1 2 4.3 5 0 0 

78 27 1842 1 16 5.5 5 19 30 

78.1 30.45 1842 3 5 5.4 5 21 10 

77.2 28.7 1842 7 4 4.8 5 14 50 

78.07 30.43 1842 9 7 4.3 5 13 58 

77.2 28.53 1842 9 26 4.8 5 9 0 

77.2 28.53 1842 11 6 4.3 5 13 30 

80 30 1843 4 11 4.8 5 8 50 

77.75 29 1852 3 31 4.8 5 0 0 

77.17 31.1 1856 4 7 5.1 5 0 0 

77.17 31.12 1858 8 11 6 5 0 0 

77.17 31.12 1865 4 11 5.4 5 0 0 

78.1 30.3 1869 3 25 4 5 0 0 

79.42 29.33 1869 7 25 4.8 5 0 0 

77.17 31.12 1878 3 2 5.1 5 0 0 

77 32 1901 11 18 6.2 5 0 4 

79 30 1902 6 16 5.9 5 1 36 

76.2 32.3 1905 4 4 7.8 35 0 50 

79 31 1906 6 13 6 5 0 0 

80.28 30.76 1911 10 14 6.5 20 23 24 

77 31 1913 6 26 5.1 5 23 30 

76.18 32.6 1914 10 9 6.3 20 2 39 

80.75 29.73 1916 8 28 7.2 20 6 39 
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80.05 30.5 1926 7 27 6 5 7 23 

80.5 30.5 1927 10 8 6 5 10 34 

77 31.7 1930 5 11 5.5 5 11 30 

80 29.5 1933 5 18 3.3 5 0 0 

75.5 29 1934 4 14 5.1 5 0 0 

80.4 29.6 1935 3 5 5.8 5 22 15 

78 31 1937 10 20 5.4 5 1 23 

77 31.5 1940 4 17 4 5 0 0 

80 30.3 1945 6 4 6.4 60 12 9 

76.13 32.78 1945 6 22 6.3 60 18 1 

76.14 32.83 1947 7 10 5.6 60 10 19 

79.09 31.2 1947 8 19 5.9 5 20 7 

78.75 30.44 1948 5 5 4 5 8 31 

79.05 31.2 1949 2 5 5.5 5 0 0 

75.9 32.6 1950 8 12 5.5 5 3 59 

77.02 32.17 1950 10 6 4.5 5 21 20 

74.8 31.2 1952 12 27 5.5 5 18 45 

76.49 32.25 1955 4 14 5.1 5 1 1 

78.55 32.38 1955 6 27 6 5 10 14 

77.7 28.2 1956 10 10 6.2 33 15 31 

79.95 29.99 1958 12 28 6.5 5 5 34 

78.59 32.29 1959 5 12 5.1 5 0 35 

76.72 28.59 1960 8 27 5.5 5 15 58 

80.83 29.43 1961 12 24 5.4 59 0 0 

79.6 30.5 1962 7 13 5.5 25 0 0 

76.2 31.9 1962 9 15 5.5 5 12 35 

80.9 29.5 1963 1 30 5.5 5 0 0 

78.82 31.94 1963 4 12 5.8 23 0 41 

78.5 30.3 1963 7 14 5.5 33 14 48 

78.35 32.06 1963 11 12 4.7 5 15 29 

79.1 30.8 1963 11 27 5.3 33 21 10 

77.78 29.33 1964 2 16 4.4 5 0 0 

76.9 28.93 1964 5 4 4 5 0 0 

77.07 28.83 1964 8 12 3.5 5 0 0 

80.46 29.96 1964 9 26 6 50 0 46 

80.98 29.4 1964 10 6 5.4 11 20 19 

78.7 31.84 1964 10 19 4.9 72 2 16 

81.1 29.35 1964 12 20 5.4 9 3 31 

76.9 32.79 1965 2 21 5 33 3 25 

80.26 29.55 1965 3 18 5.3 67 2 41 

78.1 31.76 1965 3 30 4.8 5 22 31 

77.1 31.3 1965 4 13 4.3 5 0 0 

80.19 29.62 1965 5 13 5.1 75 10 51 

77.99 32.65 1965 5 31 5.5 28 2 4 
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77.2 31.5 1965 5 31 5.6 5 0 0 

80.3 29.9 1965 11 18 5.5 5 0 0 

76.95 31.42 1966 1 25 4.1 5 0 0 

77 28.5 1966 2 13 5.1 5 0 0 

80.5 31.49 1966 3 6 6.6 50 2 15 

76.98 28.5 1966 6 20 5 53 13 42 

79.61 32.76 1966 8 5 5.5 31 1 3 

78.93 28.67 1966 8 15 5.8 5 2 15 

81.23 29.3 1966 10 5 4.9 33 7 57 

80.19 31.41 1966 10 13 4.9 29 12 42 

80.79 29.62 1966 12 16 5.9 19 20 52 

79.13 30.6 1967 1 2 4.9 25 22 17 

76.1 32.6 1967 9 20 4.3 59 0 0 

79.25 30.41 1968 1 5 5.3 7 6 42 

80.51 29.76 1968 5 27 5.2 27 18 35 

79.92 29.91 1968 5 31 5.3 33 3 1 

76.1 31.6 1968 10 12 4.9 160 19 6 

76.48 32.28 1968 11 5 5.2 33 2 2 

76 32.19 1969 1 23 4.3 64 20 1 

79.84 30.04 1969 3 3 5.4 18 6 20 

81.02 29.46 1969 3 5 5.3 22 11 14 

79.4 30.5 1969 6 22 5.5 15 1 33 

80.95 29.13 1969 12 5 5.2 33 18 45 

76 32.5 1970 1 2 4.5 96 20 1 

76.64 32.7 1970 1 17 5 22 18 33 

76.61 32.32 1970 3 5 5 33 18 34 

76.6 28.95 1970 3 18 5 18 7 40 

74.9 32.8 1970 4 28 4.9 116 14 12 

78.97 30.54 1971 1 30 5 56 20 15 

77.1 29.1 1971 10 14 3.8 5 0 0 

76.61 31.79 1972 6 20 4.6 57.9 15 34 

78.42 30.75 1972 8 17 5.5 33 18 14 

78.51 32.49 1972 9 6 5.3 14 2 51 

76.35 32.05 1972 10 26 4.8 82.3 14 5 

77.13 32.06 1972 10 26 5 68 0 0 

80.34 30.51 1973 2 10 4.9 5 6 51 

77.83 32.12 1973 4 1 5.8 90.1 9 45 

75.2 27 1973 6 26 4.4 5 0 0 

77.85 29.38 1973 9 28 4 5 0 0 

76.19 32.36 1973 12 16 5.1 18 9 16 

78.47 30.97 1974 2 24 5.2 0.6 21 32 
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78.48 30.55 1974 7 7 5 96 20 56 

78.5 32.39 1975 1 19 7 1.4 8 1 

78.94 28.22 1975 4 30 4.9 33 3 8 

79.4 30.69 1975 8 23 4.5 33 3 8 

76.25 32.34 1975 9 16 4.9 58.8 4 20 

77.5 31.4 1975 11 20 3.8 5 0 0 

77.03 31.24 1976 2 5 5.3 5.5 12 4 

78.63 32.35 1976 2 24 5.2 148.4 22 26 

75.3 32.59 1976 3 4 4.2 121 18 45 

76.39 32.65 1976 4 10 4.7 62 7 9 

76.22 32.68 1976 4 16 4.3 92 20 15 

77 32 1976 5 6 4.3 5 0 0 

78.59 31.53 1976 5 6 4.9 87 8 21 

78.35 32.44 1976 7 6 5.4 24.6 2 55 

79.1 31.2 1976 9 8 5.1 5 0 0 

78.76 32.03 1976 9 8 5.5 9 20 13 

79.4 30.1 1976 9 22 4.6 5 0 0 

78.4 31.83 1976 9 29 5.2 20.4 7 47 

75.98 32.76 1977 1 21 4.9 51 14 57 

78.04 31.42 1977 1 28 5 50.1 3 48 

78.43 31.8 1977 2 19 5.1 40 6 15 

78.66 32.67 1977 3 27 5.4 26 5 36 

79.45 30.49 1977 4 20 5.2 35.8 4 21 

81.06 29.57 1977 9 20 4.7 23 5 51 

78.8 31.4 1977 10 18 5.1 5 0 0 

78.47 32.78 1977 10 19 4.8 33 7 14 

79.4 29.8 1977 10 21 4.4 5 0 0 

81.14 30.02 1978 1 1 4.7 83.3 11 25 

79.4 30.51 1978 1 7 4.9 33 7 23 

78.28 31.07 1978 1 15 4.6 33 0 17 

78.37 31.85 1978 1 15 4.9 60 2 30 

75.27 31.79 1978 2 19 4.4 45 18 56 

80.69 29.34 1978 2 28 5 53.6 17 26 

78.46 32.69 1978 3 30 4.6 50 23 44 

78.72 32.73 1978 4 11 4.9 33 7 55 

77.87 31.51 1978 5 21 4.6 70.1 23 7 

76.61 32.24 1978 6 14 5.3 6.7 16 12 

78.78 32.04 1978 8 24 4.9 33 7 22 

77.05 28.5 1978 10 16 3.7 5 0 0 

80.94 29.2 1978 12 12 4.8 56 10 0 

80.4 29.64 1978 12 14 4.5 33 20 16 
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79.6 30.33 1979 3 5 4.6 8.4 23 54 

78.65 32.2 1979 3 27 4.6 33 5 27 

80.31 29.9 1979 3 29 4.6 33 1 58 

78.88 32.09 1979 5 11 4.8 33 21 56 

80.27 29.93 1979 5 20 5.8 15.8 22 59 

81.18 31.43 1979 11 30 4.4 33 20 13 

78 32.08 1979 12 22 5.5 5 0 0 

78.58 30.82 1979 12 28 5.3 23 1 59 

80 30 1980 1 16 4.2 5 0 0 

81.01 29.37 1980 2 15 4.4 33 1 15 

77.89 28.65 1980 4 27 5 33 17 0 

76.45 31.46 1980 5 29 4.6 16 22 40 

81.09 29.63 1980 7 29 6.5 23.3 14 58 

80.31 29.63 1980 7 30 4.8 33 5 30 

78 29.2 1980 8 16 4.2 5 0 0 

77 32 1980 9 4 4 5 0 0 

75.68 31.29 1980 9 4 4.9 121.8 1 48 

80.36 29.92 1980 9 8 4.8 33 7 42 

78.55 32.57 1980 9 22 4.9 65 20 37 

80.66 29.8 1981 3 6 5.4 23.6 5 58 

77.47 29.06 1981 5 15 3.3 5 0 0 

78.44 31.83 1981 5 28 5.5 5 23 14 

78.89 30.44 1981 6 19 4.9 64 10 41 

80.31 30.77 1981 7 1 4.5 33 20 38 

76.09 32.73 1981 7 12 5 35.9 8 45 

75.08 30.98 1981 7 31 4.5 5 5 49 

77.82 31.1 1981 8 10 4.9 33 10 58 

81.14 29.43 1981 9 10 5.1 33 3 47 

79.63 30.67 1981 12 2 4.3 5 12 46 

76.01 32.62 1982 5 7 5.1 39.7 7 44 

78.58 30.37 1982 6 22 4.5 33 2 38 

78.38 30.91 1982 7 7 4.8 5 22 36 

77.68 30.89 1982 7 16 4.5 67.4 4 15 

76.14 32.59 1982 9 4 4.7 33 12 33 

79.9 30.1 1982 9 15 4.3 5 0 0 

79.25 30.42 1982 10 16 4.9 25.5 2 22 

81.05 28.8 1982 11 21 4.8 5 8 10 

80.65 29.84 1982 12 6 4.6 5 11 52 

78.96 31.39 1982 12 14 4.9 10.9 23 57 

79.89 30.05 1982 12 29 5 21.7 0 9 

78.57 32.6 1983 2 27 5.2 40 20 33 
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79.77 30.36 1983 5 20 4.6 33 12 52 

75.49 32.71 1983 5 30 4.9 41.4 8 39 

80.87 29.3 1983 7 5 4.9 33 17 26 

79.66 32.19 1984 1 8 4.8 36.3 1 53 

80.54 29.84 1984 2 19 5.4 21 15 46 

81.12 29.18 1984 3 14 5.3 14.8 1 32 

78.56 30.54 1984 5 3 4.9 59.8 13 18 

77.35 31.32 1984 6 1 4.1 61.9 3 51 

80.13 29.56 1984 10 24 4.6 56 8 19 

76.85 32.39 1984 11 12 4.8 33 22 30 

81.23 29.22 1984 11 23 4.8 72 6 14 

79.13 30.21 1984 11 26 4.8 63.1 3 35 

77.61 31.27 1984 12 15 4.9 63.5 10 54 

80.9 29.35 1984 12 18 4.9 33 22 46 

77.26 31.39 1985 3 11 5 40.9 14 36 

79.4 29.72 1985 6 14 4.3 33 17 19 

76.1 32.68 1985 12 29 5.2 5 21 31 

78.21 30.65 1986 3 28 4.9 33 18 5 

76.95 31.85 1986 4 22 4.9 32.2 9 29 

76.41 32.15 1986 4 26 5.5 33 7 35 

78.59 31.53 1986 6 14 4.2 33 13 36 

78.71 31.77 1986 6 30 4.9 33 13 1 

78 31.05 1986 7 16 5.4 4.4 22 3 

78.49 32.56 1986 9 11 5.1 18.4 4 22 

76.62 32.3 1986 11 21 4.3 40 17 31 

79.12 30.36 1987 6 6 5.2 36 11 2 

77.95 31 1987 7 18 5 49.5 16 29 

80.67 29.94 1987 7 23 4.6 33 21 1 

80.05 31.68 1987 8 21 4.9 33.6 0 26 

76.4 32.07 1987 10 6 5 51.1 16 33 

76.94 32.15 1987 12 26 4.8 33 1 3 

81.12 29.09 1988 3 13 4.6 55.6 11 13 

79.56 32.74 1988 4 30 4.1 33 22 17 

80.44 29.76 1988 5 15 5.2 6 20 23 

79.19 30.52 1988 6 9 5 40.7 12 11 

78.28 30.85 1988 7 14 4.7 33 3 53 

78.7 31.59 1988 7 27 4.7 46.5 7 7 

79.88 32.62 1988 9 23 4.9 33 4 23 

79.38 32.05 1988 9 26 4.6 154.6 18 4 

78.57 32.34 1988 10 3 4.4 33 7 24 

77.92 30.58 1988 12 26 4.7 45.4 11 11 
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78.68 30.64 1989 1 27 4.3 33 11 3 

79.98 29.32 1989 8 28 4.7 10 19 8 

76.04 32.63 1989 11 4 4.7 71.7 13 22 

80.64 29.89 1990 2 9 4.9 33 15 51 

78.54 31.67 1990 4 3 4.7 28.9 1 8 

76.71 29.19 1990 5 15 4.5 25.4 17 19 

76.58 28.96 1990 8 27 4.4 33 16 38 

76.16 32.66 1990 9 5 4.4 33 21 15 

79.91 29.99 1990 9 21 5.4 18.7 16 8 

78.5 31.09 1990 10 3 4.7 33 18 20 

77.29 31.48 1990 12 13 5 33 8 28 

79.16 30.35 1990 12 18 5.1 34.5 2 40 

77.4 31.59 1991 1 20 5.2 33 12 43 

79.28 30.62 1991 2 12 4.8 51.2 14 2 

77.46 32.42 1991 3 23 4.4 33 1 48 

79.72 30.06 1991 4 22 5 35.8 8 48 

80.12 31.68 1991 5 18 4.9 31.8 4 52 

80.28 29.5 1991 5 27 5.2 28 21 6 

76.76 32.38 1991 6 23 4.9 22.9 2 45 

78.55 30.82 1991 8 16 4.5 33 1 23 

79.7 30.4 1991 8 20 4.6 10 5 6 

80.92 30.7 1991 9 14 5 64.4 5 29 

79.29 30.61 1991 10 15 4.9 23.1 19 10 

78.79 30.77 1991 10 19 6.8 13.2 21 23 

81.02 28.38 1992 1 11 4.2 33 13 3 

76.44 32.31 1992 1 26 4.8 41.4 23 48 

81.18 29.42 1992 1 30 4.8 10.7 5 55 

76.61 32.76 1992 2 13 4.9 17.6 22 43 

80.73 32.2 1992 3 31 4 33 0 28 

80.62 31.99 1992 5 22 4.1 33 22 22 

78.01 31.45 1992 7 21 4.3 34.6 5 6 

80.71 32.95 1992 8 3 4.4 33 2 5 

78.49 30.87 1992 8 9 4.4 39.5 15 16 

76.53 32.7 1992 9 6 4.8 38.3 14 10 

80.4 28.98 1992 10 22 4.5 33 7 7 

80.75 31.8 1992 10 25 4 33 0 16 

80.63 29.01 1992 11 11 3.8 33 8 32 

80.2 27.7 1993 1 2 3.3 5 13 31 

81.13 29.15 1993 1 2 5.1 17.7 14 53 

80.33 31.25 1993 1 12 5 25.7 8 52 

80.56 29.68 1993 3 25 4.7 30.1 20 16 
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80.22 31.61 1993 7 28 4.8 36.4 14 16 

78.44 30.94 1993 7 31 4.3 15.8 19 44 

78.95 30.94 1993 8 16 4.7 33 2 9 

79.98 30.09 1993 8 19 4.8 37.3 3 49 

80.61 32.17 1993 9 25 4.5 33 23 24 

80.03 30.23 1993 11 14 4.8 36.4 13 20 

76.72 28.9 1993 12 3 4.3 40.4 9 48 

79.39 30.58 1994 3 29 4.4 43.2 0 26 

75.95 32.55 1994 5 13 4.7 33 9 19 

76.77 27.97 1994 6 1 3.8 10 18 22 

76.35 32.79 1994 7 2 4.3 33 20 34 

78.43 31.62 1994 7 10 4.7 33 8 16 

80.07 31.62 1994 7 31 5 35.9 23 53 

79.62 30.67 1994 12 8 5.1 20.1 13 1 

80.59 29.53 1994 12 12 4.7 38 10 41 

81.07 29.46 1995 2 8 4.2 44 0 0 

76.17 32.67 1995 3 24 5 29.2 11 52 

79.98 31.43 1995 6 12 4.4 52 11 30 

79.38 29.88 1995 7 15 4.6 33 6 39 

79.61 30.09 1995 7 24 4.3 5 22 11 

77.78 31.12 1995 9 5 4.5 49.9 7 44 

74.89 32.27 1995 9 26 4.6 5 20 31 

78.96 31.39 1995 10 21 5.2 33 19 39 

76.65 28.97 1995 11 15 4.4 24.9 21 44 

78.47 31.97 1995 11 26 4.6 28.6 20 21 

79.23 30.71 1995 11 27 4.9 38.2 21 44 

79.81 31.47 1995 12 10 4.5 15.4 1 56 

79.42 30.46 1996 1 23 4.7 27 17 34 

80.39 29.59 1996 2 7 4.5 47.6 10 56 

79.1 30.69 1996 3 26 4.9 41.8 8 30 

80.92 29.41 1996 4 4 4 92 23 3 

76.34 32.82 1996 5 9 4.4 56 8 25 

76.15 32.87 1996 5 16 4.3 65.3 17 18 

76.5 32.78 1996 5 23 4.6 48.4 23 51 

79.26 30.57 1996 6 18 4.6 42 2 46 

81.04 29.55 1996 7 14 4.3 55 0 0 

76.49 32.55 1996 7 14 4.5 39.2 0 40 

78.55 31.41 1996 7 17 4.7 40.5 6 56 

75.09 27.22 1996 7 28 4 33 20 54 

78.91 30.83 1996 8 3 4.3 33 13 33 

78.3 30.8 1996 9 14 4.6 46.5 2 12 
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76.4 32.82 1996 9 14 4.8 45 0 22 

78.57 30.5 1996 9 25 4.7 30.8 7 12 

78.2 30.95 1996 10 1 4.3 73.5 11 24 

78.3 31.21 1996 10 3 4.2 39.7 21 9 

78.07 30.81 1996 10 9 4.4 33 21 45 

77.21 29.93 1996 11 12 4.5 55.5 4 20 

76.89 32.39 1996 12 23 3.9 33 21 52 

77.62 31.04 1997 1 2 4.2 72.3 3 52 

80.5 29.8 1997 1 5 5.7 16 0 0 

76.23 32.73 1997 1 19 4.3 58.7 14 38 

75.79 31.77 1997 2 24 4.3 5 19 37 

76.48 31.61 1997 2 25 4.3 5 10 10 

80.4 29.42 1997 5 2 4.3 30.2 20 9 

76.59 28.98 1997 5 4 4.3 28.8 7 19 

78.31 30.1 1997 6 29 4.5 33 20 11 

76.86 31.56 1997 7 29 4.7 49.2 18 0 

76.69 31.41 1997 8 13 4.3 62.9 23 10 

79.06 32.62 1997 9 11 4 33 3 1 

78.64 31.86 1997 9 21 4 33 15 21 

75.77 31.62 1997 10 17 4.6 38 17 36 

76.34 32.73 1997 11 9 4.1 33 1 56 

80.87 32.4 1997 12 4 4 33 7 46 

81.12 29.77 1998 1 19 4.2 7 0 0 

78.11 29.1 1998 2 7 4 35.3 8 45 

81.26 28.97 1998 2 15 4.3 2 0 0 

77.75 31.11 1998 3 19 4.1 58.3 17 1 

76.26 32.51 1998 3 19 4.2 63.8 23 34 

76.38 32.7 1998 3 20 4.3 19.3 1 3 

76.32 28.22 1998 3 30 4.4 10.5 23 55 

78.42 31.21 1998 4 5 4.3 33 6 52 

79.46 30.08 1998 5 1 4.5 42.6 11 57 

76.87 28.85 1998 5 28 4.2 24.8 0 16 

79.62 30.45 1998 5 31 4.1 33 10 52 

77.46 31.65 1998 6 6 4.1 10 17 8 

76.53 32.42 1998 10 17 4.7 11.1 9 24 

78.23 31.44 1998 10 26 3.8 62.4 14 34 

76.01 32.3 1998 11 6 4.3 34.1 14 29 

80.19 31.57 1998 11 10 4.2 33 2 51 

79.26 30.56 1998 11 19 4.7 45.2 16 34 

77.26 31.62 1999 2 3 4 5 10 17 

78.85 30.62 1999 2 25 4.3 50.5 11 13 
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79.31 30.34 1999 2 28 4.9 10 19 47 

78.42 28.84 1999 3 15 4.3 54.8 23 17 

76.71 28.88 1999 3 22 4.4 36.9 9 55 

78.61 28.79 1999 3 23 4.3 25.4 7 29 

76.81 32.33 1999 3 28 4.2 190.3 19 20 

75.13 30.72 1999 3 28 6 33 19 4 

79.42 30.51 1999 3 28 6.5 22.9 19 5 

80.39 32.44 1999 4 16 3.6 5 17 22 

78.46 32.61 1999 5 16 4.6 44 5 41 

77.5 32.1 1999 5 21 3.6 33 19 18 

80.93 29.49 1999 5 28 4.4 25.2 19 0 

81.21 27.96 1999 6 12 2.9 17 17 8 

78.66 30.68 1999 6 13 4.2 54.6 13 40 

80 28.77 1999 6 17 4.6 33 4 33 

81.11 29.15 1999 6 17 4.7 2 0 0 

75.58 32.78 1999 7 13 4.2 33 3 17 

76.47 32.58 1999 7 27 4.3 10 20 19 

77.89 30.59 1999 8 29 4.1 19.5 0 27 

80.83 30.89 1999 9 5 4.3 33 13 48 

77.77 31.13 1999 9 12 4.7 44.3 9 0 

79.22 27.06 1999 10 24 3 10 15 10 

77.24 31.31 1999 11 8 4.7 16.2 21 45 

81.19 27.69 1999 11 28 4.2 55 0 0 

77.14 31.35 2000 2 22 4.1 17.2 20 53 

77.97 27.97 2000 3 26 2.8 10 2 33 

77.36 27.1 2000 3 30 3.6 15 7 14 

78.84 32.06 2000 4 11 4.3 56.7 18 12 

78.73 32.51 2000 4 14 3.8 33 15 28 

78.29 31.51 2000 4 28 4.6 46.6 0 17 

79.95 29.92 2000 5 4 4.3 33 2 0 

77.07 27.48 2000 6 17 3.6 19 16 51 

79.49 32.81 2000 6 17 4.3 39.6 2 47 

78.41 32 2000 6 17 5.1 38.8 16 34 

79.17 30.51 2000 6 21 4 39.7 16 11 

81.05 29.58 2000 7 10 4.2 19 0 0 

76.32 32.16 2000 7 26 4.2 10 23 30 

74.9 29.62 2000 8 5 4.4 5 0 0 

78.65 31.81 2000 8 31 4.4 15 2 17 

78.46 32.09 2000 8 31 4.9 37.9 2 8 

77.65 31.66 2000 9 13 4.3 5 14 43 

78.23 30.86 2000 9 26 4.6 53.1 7 22 
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78.34 32.68 2000 10 12 4.4 33 0 8 

76.52 32.81 2000 10 13 4.6 38.2 2 38 

81.18 29.93 2000 10 27 4.4 58.7 19 7 

78.06 31.17 2000 11 22 4.4 33 8 40 

79.6 30.36 2000 11 27 4.2 42.9 3 20 

76.67 32.37 2000 12 26 4.5 5.6 5 37 

78.26 30.98 2001 2 20 4.5 10 8 42 

76.04 28.47 2001 2 28 4.3 33 2 41 

79.23 30.52 2001 3 12 4.5 33 11 34 

77.8 31.27 2001 4 8 4.5 5 5 28 

78.56 30.92 2001 4 14 4.4 10 10 55 

76.66 32.8 2001 4 25 4.4 15 18 28 

77.04 28.59 2001 4 28 4.7 15.4 3 6 

77.62 31.75 2001 6 1 4.2 10 19 11 

80.65 30.94 2001 6 17 4.2 33 5 57 

78.45 32.56 2001 6 17 4.7 54 1 49 

77.54 30.28 2001 6 23 3.9 0.5 2 33 

80.21 30.21 2001 7 25 4.2 21 19 1 

79.31 30.61 2001 8 9 4.4 33 5 56 

77.31 28.94 2001 8 10 4.3 14 12 19 

76.49 28.69 2001 9 12 4.2 6.4 14 22 

77.49 29.2 2001 9 13 4.4 15 10 19 

80.57 29.87 2001 9 13 4.8 15 6 20 

79.64 30.46 2001 9 17 4.3 41.4 23 25 

76.16 32.52 2001 10 14 4.9 21.4 21 14 

78.9 32.56 2001 11 26 4 33 15 57 

80.9 29.51 2001 12 7 4.4 42.6 4 50 

75.62 29.56 2001 12 29 4.2 5 19 6 

80.35 30.6 2002 2 20 4 33 21 16 

75.89 27.78 2002 2 24 4.3 5 16 37 

78.49 30.8 2002 2 27 4.9 10 22 59 

80.11 30.11 2002 3 9 3.7 5 18 42 

78.11 30.81 2002 3 12 4.2 7.3 10 32 

76.26 32.81 2002 3 18 4.4 10.5 4 29 

76.96 32.76 2002 4 21 4.2 10 15 32 

75.73 27.45 2002 5 2 4.5 15 14 29 

81.02 30.05 2002 6 4 4 67.9 14 45 

81.13 28.77 2002 6 7 4.3 10 0 0 

75.34 29.08 2002 6 8 4.2 5 5 9 

76.34 29.19 2002 6 19 4.3 33 10 10 

77.95 29.97 2002 7 15 4.1 5 23 36 
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77.91 31.41 2002 9 4 4.3 33 16 11 

77.73 31.52 2002 9 13 4.7 33 22 39 

80.09 29.98 2002 9 29 4.4 10 14 3 

77.3 31.65 2002 10 8 4.1 10 4 48 

76.88 32.4 2002 11 30 3.8 15 22 54 

76.76 28.93 2002 12 15 4 10 1 30 

78.2 30.86 2003 1 31 3.8 9.7 16 34 

77 31.95 2003 2 3 4.1 12.8 23 2 

76.93 30.62 2003 2 11 4.1 4.7 15 0 

78.48 30.87 2003 2 16 4.2 19.7 23 41 

78.1 30.97 2003 3 5 3.9 15 8 1 

78.38 31.42 2003 3 5 4.4 4 8 24 

78.61 31.45 2003 3 5 4.6 19.1 8 22 

81.17 28.82 2003 3 21 4.4 10 0 0 

80.04 30.09 2003 4 4 4.9 27.7 7 2 

77.42 28.38 2003 4 9 3.9 17 13 29 

77.72 31.44 2003 4 21 4.2 4.1 23 50 

76.69 32.85 2003 4 27 4.2 12.7 19 17 

77.68 30.55 2003 4 29 4.2 33 0 31 

79.34 30.56 2003 5 27 5.3 28.9 4 23 

77.34 28.38 2003 6 16 4 28.4 19 46 

77.87 31.46 2003 7 3 4.1 16.6 1 8 

80.84 30.27 2003 7 4 4.2 22.9 23 51 

75.98 27.38 2003 8 10 4.4 10 11 17 

76.66 29.16 2003 8 28 4.3 15.2 13 1 

80.51 30.27 2003 8 28 4.3 15 22 45 

78.44 32.58 2003 9 3 4.3 33 8 27 

80.31 30.64 2003 9 3 4.8 33 23 21 

76.67 28.92 2003 9 13 3.8 9.5 18 32 

76.57 28.98 2003 9 13 3.9 5 19 36 

76.03 32.79 2003 9 15 4.1 32.1 12 28 

76.12 31.54 2003 9 27 4.7 15 15 40 

77.39 32.89 2003 9 30 4.3 3.2 9 8 

76.49 32.38 2003 11 24 4.3 23.9 22 47 

79.22 30.62 2003 11 30 4.1 31.1 12 58 

78.24 31.66 2003 12 2 4.2 25.9 11 38 

80.51 30.44 2003 12 11 4.3 3.9 14 44 

79.35 30.78 2003 12 12 4.5 14.5 1 2 

80.71 30.78 2003 12 14 4.3 33 17 12 

78.43 31.49 2003 12 15 4.1 10 23 51 

78.29 31.65 2003 12 15 4.3 10 23 51 
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78.12 31.56 2003 12 15 4.7 24.3 23 56 

76.61 32.4 2003 12 21 4.3 33 2 14 

76.38 29.32 2003 12 22 4.3 16.1 20 19 

80.86 29.57 2004 2 14 4.1 31.3 7 30 

80.89 30.48 2004 2 18 4.3 10 8 37 

76.22 32.56 2004 2 22 4.3 15 8 23 

80.36 30.3 2004 3 1 4.9 23.3 17 41 

78.88 30.02 2004 4 1 3.9 33 1 43 

78.24 29.19 2004 4 7 4.2 22.4 9 2 

80.99 29.45 2004 4 17 4.3 33.9 7 15 

79.67 30.4 2004 5 28 4.2 10 21 43 

76.8 32.56 2004 7 22 4.1 18.9 3 31 

76.69 28.96 2004 7 27 4.3 12.6 0 10 

80.26 29.38 2004 9 9 4.4 25.6 5 55 

80.04 30.42 2004 9 28 4.1 12.5 0 39 

81.08 31.04 2004 10 26 5.6 4 2 11 

77.07 31.65 2004 11 1 4 17 4 3 

78.4 31.42 2004 11 11 4.1 63.9 6 1 

76.61 32.37 2004 11 11 5.1 15 2 13 

77.11 30.65 2004 11 26 4.2 43.3 23 53 

80.95 29.45 2005 1 15 4.7 10 22 32 

80.69 29.65 2005 1 16 5 10 8 43 

78.86 28.89 2005 1 30 4.1 33 10 6 

78.46 30.82 2005 2 20 4.3 12.1 11 1 

76.27 32.49 2005 2 28 4.1 37.6 16 4 

76.53 32.45 2005 2 28 4.9 4.8 18 1 

80.9 29.99 2005 3 1 3.9 10 10 16 

76.4 32.62 2005 4 14 4.9 25.7 7 11 

78.64 31.1 2005 5 23 3.8 10 0 25 

76.26 32.84 2005 6 18 4.2 33 4 1 

76.32 32.78 2005 7 4 5 10 19 44 

80.82 29.56 2005 8 1 4.3 8.6 20 0 

78.53 30.93 2005 8 16 4.6 17 3 45 

80.83 30.07 2005 8 21 4 33 19 53 

79.25 30.45 2005 9 5 4.6 48.3 1 45 

80.57 32.97 2005 9 7 4.3 10 2 57 

81.19 30.99 2005 10 3 4.1 7.1 18 18 

81.21 29.95 2005 10 25 4.3 61.5 2 51 

81.11 30.13 2005 10 25 4.9 41.5 1 51 

80.09 30.03 2005 11 20 4.1 15 4 46 

79.25 30.52 2005 12 14 5.1 36.9 7 9 
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77.96 31.55 2005 12 20 4 10 8 26 

80.54 31.46 2006 1 8 3.8 35 19 16 

80.28 30.23 2006 1 30 4.2 10 1 57 

80.41 30.29 2006 2 14 4.8 22 19 17 

76.6 29.2 2006 2 15 4.3 0.1 1 37 

81 30.47 2006 2 25 3.8 10 18 51 

75.53 32.71 2006 3 29 4 17.8 10 56 

80.29 30.09 2006 3 31 3.9 33 6 25 

76.5 28.83 2006 3 31 4.1 2.4 11 25 

76.93 28.93 2006 4 7 3.6 5 18 56 

81.2 29.49 2006 4 15 4 35 13 39 

76.71 32.36 2006 4 21 4.2 9.4 23 20 

80.91 29.48 2006 5 5 5.1 22.7 8 0 

76.64 28.71 2006 5 7 4.4 12.8 16 1 

76.63 32.72 2006 5 9 4.7 35.9 13 30 

80.33 30.1 2006 6 13 4.2 33.6 5 30 

75.46 31.78 2006 6 22 3.2 15 23 21 

77.41 32.81 2006 7 18 4.3 50.1 10 42 

78.23 31.75 2006 7 20 4.3 7.5 0 10 

78.35 31.8 2006 7 21 4.1 1 22 32 

80.19 29.87 2006 8 5 4.7 14.5 7 33 

76.74 32.77 2006 9 13 3.9 10 4 23 

80.51 29.77 2006 9 26 4.9 47.9 4 4 

80.55 29.88 2006 10 27 4.3 18.7 1 7 

80.15 29.89 2006 10 27 4.7 10 7 55 

75.49 27.83 2006 11 6 3.2 1.3 0 20 

80.78 29.74 2006 11 12 4 28.2 13 46 

76.73 27.53 2006 11 29 4.2 5.5 5 41 

77.05 31.53 2006 12 10 4.4 17.5 8 19 

80.17 31.32 2007 1 29 3.9 51.8 5 28 

78.61 32.1 2007 2 3 4.4 36.2 0 51 

80.48 29.84 2007 2 5 4.3 5 7 57 

77.73 31.36 2007 2 21 4.3 25.2 0 33 

79.61 30.43 2007 3 17 3.6 17.7 10 4 

78.15 30.95 2007 3 27 4.3 37.6 11 19 

76.66 28.93 2007 4 3 4.1 25.1 15 35 

76.63 28.93 2007 5 14 3.9 8.7 7 22 

77.76 31.41 2007 6 3 4.3 13.1 8 9 

76.69 32.41 2007 6 14 4.2 4.2 19 52 

76.57 32.71 2007 6 17 4.3 4.6 23 55 

80.49 30.25 2007 6 20 3.9 65.2 19 38 
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79.02 32.2 2007 6 30 3.9 3.2 19 55 

78.29 30.87 2007 7 22 5.3 32.8 23 2 

80.28 31.39 2007 8 9 4.4 9.1 20 33 

80.59 29.56 2007 8 11 3.8 10 9 52 

80.34 30.31 2007 8 16 3.9 10 13 11 

76.16 32.53 2007 10 4 4.4 12.6 5 14 

77.75 28.24 2007 10 18 4.2 14.7 5 54 

78.65 29.41 2007 11 8 4.2 6.5 4 42 

77.13 28.55 2007 11 25 4.8 33.7 23 12 

81.02 29.48 2007 12 18 3.8 10 0 19 

77.35 31.42 2008 1 7 3.8 6.8 4 8 

79.44 30.68 2008 1 25 3.9 27.4 15 24 

76.23 28.59 2008 2 17 3 15 1 51 

76.35 29.11 2008 3 2 4.2 0.6 7 41 

80.71 29.9 2008 3 29 4.3 10 16 11 

77.34 28.84 2008 4 3 3.8 18.9 17 26 

76.38 32.6 2008 4 13 3.8 10 10 45 

77.29 31.89 2008 4 25 3.8 33 6 40 

76.2 32.84 2008 5 2 3.9 32.9 20 20 

77.1 31.61 2008 5 6 4 10 17 28 

75.9 32.76 2008 5 20 4.1 22.1 23 42 

76.06 32.65 2008 5 29 4.1 23.4 22 30 

81.06 29.42 2008 6 15 4.9 26.1 3 27 

77.61 31.41 2008 8 15 3.8 21.2 19 36 

77.77 30.07 2008 8 16 4.2 26.4 19 16 

80.07 30.04 2008 8 19 4.3 19.1 10 54 

80.38 30.24 2008 9 4 5 8.9 12 53 

76.34 32.56 2008 9 14 4.2 12.8 22 11 

77.39 31.57 2008 10 21 4.8 10.4 15 9 

79.89 31.96 2008 12 31 4.2 41.9 15 46 

79.25 30.57 2009 1 3 4 10 13 9 

78.33 31.8 2009 1 9 4.3 12 12 40 

80.73 28.98 2009 1 18 3.8 5 10 13 

80.26 30.1 2009 1 30 3.8 16 23 52 

76.49 32.51 2009 1 31 4.4 11.5 3 7 

80.33 29.97 2009 2 14 3.8 10.4 16 27 

80.45 32.46 2009 2 24 3.8 5 19 47 

79.59 30.77 2009 2 25 4 15.5 4 4 

79.96 30.88 2009 3 2 3.2 10 14 48 

76.36 32.5 2009 3 12 3.9 10 16 21 

76.63 32.38 2009 3 15 4 10 9 14 
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78.19 30.87 2009 3 18 3.9 11.2 11 23 

80.43 30.38 2009 4 9 4.2 2.7 0 44 

76.46 28.7 2009 5 4 3 10 19 43 

79.32 30.59 2009 5 15 4.1 31.5 18 42 

79.59 30.4 2009 5 20 3.8 15.5 19 43 

80.44 30.38 2009 6 2 4.2 0.4 6 36 

76.05 32.83 2009 6 4 4.3 17.1 13 50 

77.83 29.58 2009 6 17 4 10.4 12 7 

76.72 32.51 2009 7 17 4.9 42 11 7 

75.65 32.76 2009 7 18 4 32.4 4 48 

79.03 28.51 2009 7 21 4.2 5 3 14 

77.54 31.67 2009 7 30 3.9 15 3 43 

76.43 32.31 2009 8 7 3.8 14 11 25 

80.07 29.81 2009 8 27 4 25.4 16 54 

80.4 29.78 2009 9 19 4.3 15.8 18 20 

79.03 30.83 2009 9 21 5 52.5 9 43 

79.83 30.02 2009 10 3 4.9 24.5 5 20 

77.72 31.36 2009 11 10 4 10 13 55 

80.64 29.23 2009 12 6 4.3 35 21 49 

80.28 30.41 2009 12 8 4.3 10.1 7 5 

80.15 30.02 2009 12 15 3.8 18.5 23 12 

80.17 30.09 2010 1 5 4.1 4.5 15 4 

80.5 29.77 2010 1 11 4.4 13.7 5 15 

76.85 32.4 2010 1 19 4 1 20 45 

80.35 29.99 2010 1 26 4.3 12.1 6 51 

80.07 29.99 2010 2 22 4.9 20.5 17 23 

76.27 32.86 2010 3 10 3.9 10 17 5 

76.04 31.61 2010 3 14 4.9 35 6 53 

78.15 31.41 2010 3 16 3.4 8 22 44 

76.1 32.75 2010 4 10 4.1 20 19 56 

76.59 32.86 2010 4 10 4.2 15 12 26 

80.71 30 2010 4 14 3.8 10 5 40 

80.02 30.08 2010 5 1 4.8 49.6 22 36 

76.48 32.14 2010 5 3 3.8 10 9 50 

78.22 30.32 2010 5 3 4.3 24.8 17 15 

77.86 31.2 2010 5 28 5 40.8 7 25 

79.98 29.96 2010 5 31 3.9 10 11 37 

80.25 31.39 2010 6 2 4.3 1.9 8 5 

76.05 32.72 2010 6 21 4.1 8.3 8 42 

80.46 29.91 2010 6 22 5.4 20.4 23 14 

80.11 30.93 2010 7 5 3.8 35 21 23 
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80.67 31.16 2010 7 7 4.2 10 23 44 

75.59 32.35 2010 7 8 4.1 10 19 6 

77.55 31.75 2010 7 10 3.8 6.2 16 49 

79.61 30.01 2010 7 10 4.7 6.6 3 16 

80.71 31.32 2010 8 6 3.8 10 12 0 

77.7 31.35 2010 8 13 4.3 10 17 11 

76.61 32.51 2010 8 21 3.9 14 15 2 

76.14 32.82 2010 8 29 3.9 28 18 31 

74.98 31.47 2010 9 18 3.8 10 22 5 

76.23 28.37 2010 11 29 2.4 22.5 9 2 

80.56 29.71 2010 12 24 4 10 15 36 

78.39 30.97 2011 1 26 3.8 10 20 47 

76.6 31.82 2011 2 6 4.1 11 16 16 

78.09 31.76 2011 2 9 3.8 17 4 7 

81 29.49 2011 2 17 4.1 17 9 48 

79.18 30.54 2011 3 14 4.3 24 9 1 

80.73 29.63 2011 4 4 5.4 17.4 11 31 

78.18 31 2011 4 8 3.9 5.7 21 18 

81.17 29.73 2011 4 10 4 17 18 43 

80.42 30.22 2011 5 4 4.9 23 20 57 

76.23 32.49 2011 5 13 4.1 3.9 7 36 

78.22 31.09 2011 5 13 4.1 9.9 14 40 

76.49 28.08 2011 5 29 3.8 11.1 0 5 

81.04 29.69 2011 6 15 4.2 17 0 59 

79.32 30.55 2011 6 20 5.1 26.6 6 27 

80.61 29.93 2011 6 23 4.4 23 22 13 

76.69 32.74 2011 8 13 4.2 15 22 53 

76.99 28.64 2011 8 23 2.9 10.6 20 14 

76.35 31.32 2011 9 7 4.2 13 0 55 

77.17 28.64 2011 9 7 4.3 15.8 17 58 

80.54 29.99 2011 10 9 4 23 7 34 

75.85 27.99 2011 10 12 4 28.1 10 27 

77.27 31.35 2011 10 16 3.2 9 6 33 

77.1 31.56 2011 10 26 4.2 25.3 16 17 

80.07 30.92 2011 10 28 4 35 5 3 

80.59 29.62 2011 11 3 4 19 19 37 

80.37 30.2 2011 11 6 4.1 11 18 34 

80.31 30.18 2012 1 9 3.7 23 10 41 

80.47 30.26 2012 1 13 4.1 11 1 26 

78.91 29.72 2012 1 16 4.1 5.2 5 1 

76.14 32.73 2012 1 22 4.1 14 7 18 
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76.79 28.81 2012 1 28 4.1 16.3 23 24 

78.3 30.94 2012 2 9 5.4 24.8 19 17 

81.15 29.49 2012 2 26 4.2 17 22 56 

81.01 29.61 2012 2 26 4.6 17 23 8 

76.69 28.78 2012 3 5 5.3 11.5 7 41 

78.21 32.11 2012 3 7 4.4 17 13 18 

76.97 29.04 2012 3 12 3.9 10 22 7 

77.13 31.25 2012 4 10 4.3 19.7 0 52 

76.21 28.18 2012 5 2 3.8 10 23 12 

76.32 32.4 2012 5 6 3.9 10 5 43 

79.48 30.18 2012 5 10 4.2 35 22 0 

79.56 32.83 2012 5 14 3.8 10 19 22 

76.83 28.78 2012 5 15 3.3 8.1 21 56 

76.75 28.87 2012 5 17 3.7 12.1 13 39 

81.14 29.61 2012 5 17 4.2 5 3 31 

76.64 28.57 2012 6 19 4.4 22.5 14 0 

77.08 29.02 2012 6 22 3.8 15 2 44 

80.24 31.13 2012 6 25 3.8 5 19 26 

76.22 28.53 2012 7 2 3.6 10 10 7 

80.6 29.85 2012 7 28 4.8 23 5 48 

76.49 32.4 2012 10 2 4.9 14 8 34 

76.25 32.72 2012 10 3 4.2 11.1 22 59 

78.49 31.84 2012 10 8 5.1 19.3 17 46 

77.74 32.2 2012 10 11 4 10 13 21 

79.61 30.18 2012 10 26 3.8 10 4 10 

76.29 32.37 2012 11 6 4.3 16 12 21 

80.39 29.21 2012 11 14 3.8 5 17 58 

76.65 28.66 2012 11 19 4.2 27.2 6 25 

78.4 30.9 2012 11 27 4.7 10 12 15 

76.06 27.44 2012 12 20 4.3 12 13 0 

81.2 29.42 2013 1 2 5 25 17 42 

80.47 30.1 2013 1 10 4.2 10 15 16 

79.73 28.7 2013 1 17 3.4 20 16 50 

80.68 29.84 2013 1 29 4.3 5 19 42 

80.05 30.26 2013 1 30 3 10 21 30 

76.59 28.84 2013 2 6 3.3 10.3 8 22 

80.94 29.48 2013 2 7 4.1 10 1 8 

79.88 31.15 2013 2 8 4.8 50 19 34 

79.41 30.98 2013 2 11 4.8 10 14 9 

78.27 30.97 2013 2 11 4.9 10 10 48 

76.78 28.83 2013 3 6 2.9 10.2 10 9 
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80.42 29.65 2013 3 6 3.6 10 4 28 

80.64 29.95 2013 3 24 3.2 10 0 17 

79.96 29.88 2013 3 26 3.2 10 21 6 

80.24 30.33 2013 3 27 4.3 227.9 18 51 

79.17 30.88 2013 4 6 4.2 5 22 29 

76.9 28.78 2013 4 10 4 5 20 9 

80.72 29.42 2013 4 13 3.8 5 19 54 

78.97 31.22 2013 4 16 3.9 20.2 12 50 

80.23 29.75 2013 4 25 4.1 5 14 38 

79.8 30.33 2013 5 11 4.1 5 22 15 

76.25 32.75 2013 6 4 4 5 21 31 

76.77 32.72 2013 6 4 5.2 10 17 34 

79.43 31.5 2013 6 24 5 10 21 8 

80.2 30.28 2013 6 27 4.3 5 6 20 

78.3 32.69 2013 7 9 4.9 10 13 49 

76.54 32.38 2013 7 13 4.8 25.5 17 49 

76.3 31.55 2013 8 29 4.8 31 10 13 

80.74 29.22 2013 9 18 4 5 8 16 

79.17 27 2013 9 26 5.2 33 2 11 

76.09 32.61 2013 10 14 3.8 5 23 46 

76.2 31.32 2013 11 6 4.6 5 14 53 

78.98 29.95 2013 11 13 4.3 5 23 33 

78.93 32.88 2013 12 6 4.5 5 10 8 

77.63 31.33 2013 12 17 4.2 5 14 45 

78.08 31.56 2013 12 18 4.2 5 8 52 

78.7 30.82 2013 12 25 4.3 5 2 56 

79.2 30.5 2014 2 16 4 5 19 2 

79.65 30.28 2014 2 17 4.1 5 0 30 

76.15 29.94 2014 2 21 4.2 5 6 46 

78.6 29.41 2014 4 14 3.8 5 19 43 

79.62 30.41 2014 5 14 4 5 1 54 

80.59 29.57 2014 5 14 4.2 5 19 3 

77.52 31.59 2014 5 19 4.1 5 21 53 

76.73 32.51 2014 6 17 4.8 17 17 31 

79.83 29.99 2014 7 3 4.3 5 11 34 

80.32 30.44 2014 7 6 4.5 36 14 48 

81.24 29.44 2014 7 7 4.3 5 16 37 

76.54 32.64 2014 7 12 4.2 5 15 27 

75.12 32.65 2014 8 21 4.3 5 1 19 

76.35 32.28 2014 8 21 5.2 5 8 11 

79.93 29.89 2014 8 24 4.4 5 8 29 
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77.76 29.27 2014 9 4 4.2 5 11 31 

79.28 29.92 2014 10 9 4 5 1 14 

77.85 31.14 2014 10 14 4.1 5 11 16 

75.93 32.72 2014 11 18 4.3 5 15 55 

79.24 29.94 2014 12 6 4.3 5 4 27 

80.7 29.27 2014 12 11 4 5 3 11 

81.2 29.23 2014 12 16 4.1 5 18 43 

80.93 31.35 2014 12 19 4 50.2 20 59 

81.19 31.53 2014 12 22 4 85.2 6 42 

80.63 29.28 2014 12 28 4.2 5 18 23 

81.02 29.2 2015 1 22 4.4 5 3 42 

80.72 29.54 2015 1 23 4 5 4 48 

80.55 29.07 2015 1 26 3.8 5 11 7 

80.46 31.3 2015 2 14 4.4 5 0 44 

81.2 28.31 2015 2 22 4.1 5 11 2 

79.47 30.32 2015 4 1 5 5 21 23 

79.04 30.31 2015 6 3 4.3 5 11 28 

80.48 29.32 2015 6 23 3.9 5 20 33 

79.13 30.35 2015 7 18 4.3 5 23 48 

80.89 30.14 2015 7 26 4.1 5 16 59 

80.7 30.5 2015 8 5 4.2 8 19 16 

80.37 30 2015 9 29 4.9 35 9 27 

80.66 32.97 2015 9 30 3.2 6 22 0 

76.97 31.6 2015 10 8 4.6 36.04 1 4 

78.73 31.37 2015 11 29 4.5 35 2 47 

76.04 32.85 2016 2 4 4.7 58.67 7 10 

81.13 29.56 2016 6 29 4.9 9.03 9 10 

76.99 31.31 2016 8 1 4.9 35.06 13 38 

77.71 31.47 2016 8 27 4.9 10 1 14 

76.57 28.77 2016 9 10 4.5 10 15 27 

76.7 28 2016 11 16 4.8 10 22 59 

80.63 29.98 2016 12 1 5.5 31.96 16 52 

79.16 30.65 2017 2 6 5.1 16.05 17 3 

76.3 32.87 2017 5 20 4.6 35.36 5 48 

76.78 28.97 2017 6 1 5 10 22 55 

76.24 32.87 2017 8 16 4.8 44.78 3 26 

81.16 29.39 2017 8 22 4.9 10 0 50 

77.43 31.95 2017 10 27 4.5 14.96 2 37 

79.16 30.63 2017 12 6 5.4 10 15 19 
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