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Landslide and related mass movement activities are common and one of the most destructive natural
hazards in the mountainous terrain including the Himalayas. Of the 11 administrative states in the Indian
Himalayan region, the state of Uttarakhand has witnessed enhanced activities of these phenomena. It is
therefore essential to understand the regional scale landslide susceptibility assessment of the state and in
the present study, landslide susceptibility mapping for the entire state has been carried out using
bivariate weight of evidence and information value methods which depict that around 51% of the area is
located in the high and very high landslide susceptible zones, 22-23% in the moderate and ~26-27% in
the low and very low landslide susceptible zones, and slopes ranging between 40° and 60°, located at an
elevation of 2000-4000 m, facing towards southern sides and covered with limestone, gneiss, quartzite and

phyllite, have higher propensity towards development of landslides in the region.
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1. Introduction

Landslides and related mass movements are some
of the most destructive natural hazards around
the world. There are natural as well as man-
made causes for the occurrence of landslides in
an area. With ever-increasing population and
infrastructure development in the mountainous
terrain, the area becomes susceptible to land-
slides and fails subsequently. Global landslide
database indicates that worldwide during the
period between January 1995 and December
2014, 3876 landslides caused a total of 163,658
deaths and 11,689 injuries (Haque et al. 2019). It
has been reported that the majority of human
lives are lost in the Himalayan region and China
(Petley 2012).
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There are eleven states and two union territories
in the Indian Himalayan region, and of these, the
state of Uttarakhand is one of the most susceptible
to landslides owing to its peculiar geological and
geomorphological conditions. Most of the land-
slides in the region are triggered during or imme-
diately after the monsoon season, i.e., between
June and September (Gupta and Bist 2004; Gupta
et al. 2016) and also during the extreme climatic
conditions observed during recent years. For
example, extreme climatic conditions during June
2013 had triggered numerous landslides in the
entire state of Uttarakhand destroying more
than 250 villages and killing ~6000 people
(Martha et al. 2015). Besides, there are many
chronic landslides all along the river valleys and
the hilly townships that are posing a serious threat


http://crossmark.crossref.org/dialog/?doi=10.1007/s12040-021-01746-4&amp;domain=pdf
https://doi.org/10.1007/s12040-021-01746-4

2 Page 2 of 18

to the people and the environment in the region.
Some of the chronic landslides in the area are the
Wariya landslide (Yamuna valley), Varunavat
Parvat landslide and Natela landslide (Bhagirathi
valley), Kaliayasaur landslide (Alaknanda valley),
Byung Gad landslide (Mandakini valley), Malpa
landslide and Khotila landslide (Kali valley), Sur-
abhi Resort landslides (Mussoorie township), Balia
Nala landslide and Sher ka Danda landslide
(Nainital township), and there are many more
including the Totaghati landslide. All these land-
slides have been studied in isolation by various
workers to understand their causes and conse-
quences in the region and on the environment (Sati
et al. 1998; Gupta and Bist 2004; Chaudhary et al.
2010; Onagh et al. 2012; Gupta et al. 2016, 2017;
Jamir et al. 2018, 2020; Kundu and Patel 2019;
Solanki et al. 2019; Ram et al. 2020).

Landslide susceptibility is the probability of
occurrence of landslides in an area based on local
terrain conditions (Brabb 1984). It is the degree to
which terrain can be affected by slope movement.
To assess the landslide susceptibility in a region, it
is important to assess the spatial distribution of the
landslides and their controlling factors. The rela-
tive weightage to each landslide controlling factor
is determined using appropriate models and finally,
the landslide susceptibility map is prepared. In
recent times, there are a large number of models for
the preparation of the landslide susceptibility map
(LSM), and depending on the availability of the
data and the aerial coverage, it is necessary to
select the type of models for their preparation.
However, these days with the availability of
advanced geographical information system (GIS)
technology, it has become easier to carry out the
analysis in a shorter time. In general, there are two
available methods, qualitative and quantitative for
the assessment and preparation of LSMs. The
qualitative method is mainly based on the geo-
morphological analysis and involves assigning
weightage to each controlling factor of landslides
based on the expert’s knowledge and experience.
This method is easy to apply but its dependence on
the subjectivity of expert opinion is a major limi-
tation as the results may vary depending on the
expert’s opinion. To overcome this limitation,
quantitative methods are used. These methods use
statistical techniques based on mathematical rela-
tions between landslides and independent land-
slide-controlling factors. These statistical methods
have been widely used during recent years across
the world, including the Himalayan region
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(Gupta and Joshi 1990; Carrara et al. 1991; Lee
2005; Mathew et al. 2009; Chauhan et al. 2010;
Kumar and Anbalagan 2015; Ram et al. 2020).

There are both qualitative as well as quantita-
tive methods for the landslide susceptibility
assessment of an area. In the qualitative methods,
relative weights to the various classes of the cau-
sative factors of landslides are assigned by the
experts on the basis of their knowledge of the
subject and the study area, thus the qualitative
methods are subjective as the weightage assigned
to a particular class of the causative factor might
vary from one expert to another (Abella and Weste
2008). In order to overcome this limitation, quan-
titative methods are widely being used (Guzzetti
et al. 1999; Sarkar et al. 2013; Kumar and Gupta
2021; Ram and Gupta 2021). In these methods, the
spatial distribution of landslides is statistically
correlated with various classes of each causative
factor of landslides. Broadly, the quantitative
methods are deterministic and statistical. Deter-
ministic methods use algorithms that include
geotechnical properties of the soil and rocks on the
slopes and topographic parameters of slope sur-
faces and thus are mainly used for very site-specific
studies (Solanki et al. 2019; Pradhan and Siddique
2020; Kumar et al. 2021; Tandon et al. 2021).
Statistical methods elucidate the correlation
between the distribution of landslides and different
classes of the causative factors of landslides.
Accordingly, the relative weights are assigned.
These are bivariate and multivariate. In the
bivariate method, the simple relation between the
landslide distribution and the causative factor is
identified using different statistical methods like
Yule’s coefficient, frequency ratio, information
value and weight of evidence (Fleiss 1991; Agter-
berg Bonham-Carter et al. 1993; Ozdemir and
Altural 2013; Ram and Gupta 2021), whereas the
multivariate analysis not only encompasses the
relationship between the landslide distribution and
different causative factors, but also among differ-
ent causative factors using different techniques like
artificial neural networks, logistic regression, ran-
dom forest, support vector machine, etc. (Sevgen
et al. 2019; Yu and Chen 2020; Kumar and Gupta
2021). These have been reviewed by Lee (2019) and
Shano et al. (2020).

Bivariate techniques are widely used for regional-
scale landslide susceptibility mapping, as these are
easy to use, less time-consuming (Guzzetti et al.
1999; Sarkar et al. 2013; Kumar and Gupta 2021).
Ram and Gupta (2021) explained that all the
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bivariate methods exhibit more or less similar
success and prediction, nevertheless, the accuracy of
the model greatly depends on the various terrain
parameters. However, in some particular areas,
weight of evidence and information value methods
have exhibited higher validation than other meth-
ods. The multivariate methods may have higher
accuracy than the bivariate methods, however,
these are time-consuming and are therefore used for
local or small areas. Therefore, in the present study,
we have utilized weight of evidence and information
value methods as these are easy to use for the larger
area.

In the present study, regional-scale landslide
susceptibility mapping for the state of Uttarakhand
has been carried out using two bivariate methods,
the weight of evidence (WoE) and information
value (IV). Both these methods are relatively sim-
ple to use and have been used widely across the
globe and in the Himalayas (Corsini et al. 2009;
Guri and Patel 2015; Chen et al. 2016; Sharma and
Mahajan 2019; Cao et al. 2021). However, for the
first time, the entire state of Uttarakhand is map-
ped for landslide susceptibility using quantitative
techniques, though NRSA (2001), DST (2011) and
DMMC (https://dmmec.uk.gov.in/pages/display/
96-landslide-zone) have mapped few of the major
river corridors of the state of Uttarakhand and
Himachal Pradesh using qualitative techniques.
The present study will provide first-hand informa-
tion to the planners as there are lot of activities
undergoing in the form of construction and widen-
ing of roads, tunnels, bridges, dams, and hydro-
power, and many are in the developmental stage,
despite the growing number and frequency of the
landslides in the region.

2. Study area

The study area is in the administrative boundary of
the state of Uttarakhand, one of the 13 Indian
states located in the Indian Himalayan region
(IHR). It is located in the northwest Himalaya
between longitude 77°33'44"-81°01'10" E and lati-
tude 28°42'58"-31°2820"N (figure 1). It covers an
area of ~53,483 km?. It is also known as Devb-
hoomi as it houses four famous pilgrimage shrines,
Yamunotri, Gangotri, Kedarnath, and Badrinath.
The area is traversed by N-S trending major rivers
like Yamuna, Bhagirathi, Alaknanda, and Kali
originating from the Yamunotri, Gangotri, Sato-
panth, and Kalapaani glaciers, respectively.
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Geologically, the study area comprises all the
tectonic divisions of the Himalaya and these from
south to north are sediments of the Indo-Gangetic
plains, Outer Himalaya, Lesser Himalaya, Higher
Himalaya, and Trans-Himalaya (Thakur 1992).
Outer Himalaya, also known as Siwalik Group, is
bounded by the Himalayan Frontal Thrust (HFT) in
the south and Main Boundary Thrust (MBT) in the
north. It mainly consists of sandstones with alter-
ation with clays and claystone and conglomerates.
The Lesser Himalaya lies between the Main
Boundary Thrust (MBT) and the Main Central
Thrust (MCT). It includes sedimentary and meta-
sedimentary rocks. These rocks are categorized
under different groups and formations, like Berinag
Formation, Damta Group (Chakrata and Rautgara
formations), Tejam Group (Deoban and Mandhali
formations), and Chandpur, Nagthat, Blaini, Infra-
Krol, Krol, and Tal formations. However, the dom-
inant rock types constituting the Lesser Himalayan
rocks are quartzite, greywacke, siltstone, slate,
limestone/dolomite, granite, phyllite, and schist.
The Higher Himalaya, a thick crystalline zones,
mainly constituting metamorphic schists and
gneisses, is sandwiched between MCT in the south
and the South Tibetan Detachment in the north.
These rocks have also been referred to as central
crystallines (Heim and Gansser 1939). Trans-Hi-
malaya or Tethys Himalaya lies above the Higher
Himalaya and consists mainly of granite and varying
rocks belonging to the Tethyan sequences.

Geomorphologically, the northern part of the area
is marked by deep gorges, glaciated valleys, steep to
very steep slopes, and high relief with triangular
facets, whereas the southern part of the area has
wider valleys with point bar deposits and fluvial
terraces. The elevation, in general, gradually
increases from south to north of the study area and in
the vicinity of the MCT, there is a steep rise in ele-
vation of the area. The relief of the area is 7654 m
with elevations varying between 123 and 7777 m.

The area is under the influence of monsoon rainfall,
falling mostly in the months between June and
September every year. The area in the vicinity of the
MCT acts as an orographic barrier, therefore the area
north of MCT receives a sustained amount of liquid
precipitation in the valleys and slopes that are below
3 km. The precipitation in the area is highly variable,
the average annual rainfall is ~2000 mm with > 80%
recorded during the monsoon season. The area had
also witnessed few climatic extreme events in the
form of concentrated rainfall at few places leading to
slope failures (Martha et al. 2015; Kumari et al. 2019).
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Figure 1. Location map of the area depicting the spatial distribution of major lithounits as well the landslides (HFT: Himalayan
Frontal Thrust, MBT: Main Boundary Thrust, RT: Rautgaura Thrust, SAT: South Almora Thrust, NAT: North Almora
Thrust, MCT: Main Central Thrust and STD: South Tibetan Detachment).

3. Data used and methodology

Data used for the present study were extracted
from high-resolution satellite images (IRS-P5
Cartosat-1, Resourcesat-1 multispectral LISS IV
and Landsat-8) and high-resolution satellite images
on Google Earth platform. Extensive field surveys,
particularly along the road tracks and river valleys
have also been undertaken. The characteristic
features of the satellite images used in the present
study are listed in table 1.

The regional-scale landslide susceptibility map-
ping involves: (i) cataloging of the spatial distri-
bution of active landslides in the area, (ii)
identifying and preparation of thematic maps
involving the controlling factors of landslides, (iii)
selection of data for the training and validation of
the models, (iv) calculating the weightage to each
class of landslide controlling factor by applying the
bivariate weight of evidence (WoE) and the infor-
mation value (IV) models, (v) constructing land-
slide susceptibility maps, and finally (vi) the
performance and the validation of the models.
These are briefly described hereunder:

3.1 Cataloging of the spatial distribution
of active landslides

The identification of the spatial distribution of
landslide in the area is one of the prerequisites for
any kind of study involving landslide hazard and
susceptibility in a large area (Carrara et al. 1995;
Champatiray 1996; Guzzetti et al. 1999, 2005; van
Westen et al. 2008) as it has been hypothesized
that previous history of landslides in an area dic-
tates the future distribution of landslides under
similar influencing factors. Therefore, landslide
inventory was prepared using satellite images and
extensive field survey in the area.

3.2 Identifying and preparation of the thematic
maps of the controlling factors of landslides

Eleven possible controlling factors of landslides
were considered. These are lithology, elevation,
degree of slope and slope aspect, plan and profile
curvature, distance to thrust, road and drainage,
topographic wetness index, and the land-use type.
Lithology plays an important role in the
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Table 1. The characteristic features of the satellite images used for the present study.

Satellite data Source Spatial resolution (m) Date

IRS P-5 Cartosat-1 2.5 2014-2017

Resourcesat-2 LISS IV 5.8 03 November 2013
01 December 2013

Google Earth Imagery CNES/Airbus and Digital Globe, Bird views 1.0-1.5 2015-2019

Landsat-8 OLI/TIRS 30 2019, 2020

distribution of landslides in an area as different
lithological units have different geotechnical and
hydrogeological properties that control the stabil-
ity of the slope and the distribution of landslides.
Therefore, a lithological map of the region was
prepared by digitizing the lithological units from a
geological map of the area (Thakur 1992).

The topography of the terrain, in general, control
the distribution of landslides, therefore various ter-
rain topographic parameters like elevation, degree
of slope, slope aspects, plan and profile curvatures,
and topographic wetness index were taken into
consideration and were extracted from the DEM of
the area that was prepared with SRTM data having
30-m spatial resolution. Linear features, like thrust
and fault, road, and drainage network weaken the
rock mass in its proximity and thus affect the slope
stability. Therefore various buffer zones along these
were also taken into consideration. Thrust and fault
map was extracted from the published secondary
data (Thakur 1992), and the road and drainage
network was extracted from Survey of India
toposheets and DEM of the area, respectively. The
stability of the slope is also controlled by the
hydrological characteristics and the land-use pat-
tern of the slope, which are represented by the
topographic wetness index (TWI) and the normal-
ized difference vegetation index (NDVI), respec-
tively. These indices are calculated using the
following algorithms:

TWI =In(—)
tan b
where a is the specific catchment area and b is the
gradient of slope.

NIR — RED
NIR+ RED

where NIR is the reflection in the near-infrared
spectrum, and RFED is the reflection in the red
range of the spectrum.

In the present study, nine different classes of
lithology and slope aspects, seven classes of eleva-
tion and degree of slope, and five classes of

NDVI =

curvatures were taken into consideration. Seven
different classes with 50 m buffer zones around
drainage and roads, eight classes with 100 m buffer
zones around thrust, four different classes of TWI,
and three classes of land use in the area were
considered. River Tool, Leica Photogrammetry
Suite (LPS) tools of ERDAS imagine 9.2 and Arc-
GIS 10.5 software were used for satellite image
processing, GIS database generation, analysis, and
presentation of final output maps. The
flowchart for the methodology used in the present
study is presented in figure 2.

3.3 Selection of data for the training
and validation of the models

To build WoE and IV models and then to validate
them, the landslide database was partitioned into
two subsets: training and validation subsets. In the
present study, 70% of the total landslides are ran-
domly selected for building the models, and the
remaining 30% for the prediction capability of the
models.

3.4 Calculating the weightage to each class
of the landslide controlling factor

In the various bivariate statistical models, the
relative weightage to each class of landslide con-
trolling factor was determined with the aim that
the degree of influence that each landslide con-
trolling factor had, the same degree of influence it
would have in the future. In the present case, two
different approaches, namely the weight of evi-
dence (WoE) and information value (IV) were used
for the calculation of relative weightage of each
landslide controlling factor. These two models are
briefly described hereunder:

3.4.1 Weight of evidence

The weight of evidence (WoE) model is based on
the concept of Bayer’s theorem that the prior
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Figure 2. Flowchart used for the preparation of landslide susceptibility maps of the area.

probability of landslides in an area is used to esti-
mate the subsequent probability of landslides in
that particular area (Bonham-Carter 1994). In
order to assess the strength of each class of con-
trolling factor of landslide, these factors are cross-
tabulated with the landslide inventory of the
training dataset separately to calculate the positive
(W™) and the negative (W~) weights using the
following equations.

v (22
(

v (o)

where A represents the area where a controlling
factor and a landslide both are present; B repre-
sents the area where landslide is present but con-
trolling factor is absent; C' represents the area
where controlling factor is present but landslide is
absent and D represents the area where a landslide
and controlling factor both are absent.

When the controlling factors exhibit a positive
relationship with landslides, the W™ has a positive
value and the W™ has a negative value, but when
the controlling factors have negative association
with landslides, W' and W~ indicate negative and
positive values, respectively. When the controlling
factors have no relationship with the landslides,
W* and W~ exhibit zero value. The difference

between W™ and W~ determines the overall
relationship of landslides with their controlling
factors and is known as weight contrast (C). On the
basis of the weight contrast of the various con-
trolling factors of landslides, the final landslide
susceptibility map has been prepared.

3.5 Information value

The information value (IV) method, a bivariate
statistical method, was originally developed by Yin
and Yan (1988). It is frequently being used in
various geological hazard studies, including land-
slide susceptibility studies (Chen et al. 2016;
Sharma and Mahajan 2019). It exhibits the prob-
ability of occurrence of the landslide in a particular
class of the controlling factor, and is calculated
using the following formula:
L,/N,
IV, =1n LN
where IV, is the information value of class z, L, is
the number of landslide pixels/area in that par-
ticular class z, N, is the total number of pixels/area
of class , L is the total number of landslide pixels/
area in the area of study and N is the total number
of pixels/area of the entire area of study.
A positive value of IV, indicates that a particu-
lar controlling factor influences the development of
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landslides, whereas a negative value indicates that
the controlling factor does not have any influence
on the development of landslides. Further, the
higher the value of IV,, the stronger is the rela-
tionship between the two.

3.6 Constructing landslide susceptibility maps

In order to prepare the landslide susceptibility
maps using WoE and IV methods, the landslide
susceptibility index (LSI) for both the methods was
calculated by the summation of weighted values of
all the possible classes within that controlling fac-
tor, i.e., LSI =" C, for the WoE and LSI =

va:l 1V, for the IV.

T

LSI indicates the probability of occurrence of
landslide for a particular area in the entire study
area. The higher the LSI, the higher is the proba-
bility of occurrence of a landslide in a particular
area. LSIs were classified utilizing natural break
classifier into five ordinal zones of landslide sus-
ceptibility depicting very high, high, medium, low,
and very low landslide susceptibility zones.

3.7 Performance and the validation
of the models

The performance of both the models used for prepa-
ration of landslide susceptibility maps was evaluated
by comparing the number of landslide incidences of
the validation datasets that were correctly classified
against the landslide incidences that were misclassi-
fied in the model. This was visualized in a ‘successrate
curve’ (SRC) (Chung and Fabbri 1999; Guzzetti et al.
2006). The SRC shows how many landslides in the
trailing dataset are successfully captured in the sus-
ceptibility map and represents the model efficacy.
Further, to estimate the unknown future landslide, a
predictive rate curve (PRC) that calculates the per-
centage of correctly classified landslide incidences in
the model has been used.

4. Results

4.1 Landslide inventory

An inventory of 3303 active landslides was pre-
pared (figure 1). The area of individual landslides
varies between 50 m? and 1.5 km? and the cumu-
lative area coverage of landslides is ~64 km?
which is ~0.12% of the study area. In the present
study, for both the models, 2312 landslides were
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randomly selected for building the models, and the
remaining 991 landslides were used for the predic-
tion capability of the models.

4.2 Landslide controlling factors and their
relationship with the landslides

The eleven thematic maps of the controlling factors
of landslides (figure 3a—j), including the lithology
map (figure 1) were prepared and the strength of
the relationship for each class of eleven landslide
controlling factors and the occurrences of land-
slides for both the models, i.e., C for the weight of
evidence and IV for the information value methods
were calculated and are presented in table 2, and
are briefly described hereunder.

4.2.1 Weight of evidence method

Among all the lithologies present in the study area,
limestone is observed to exhibit the highest
strength of relationship with landslides with a C
value of 0.78, followed by gneiss, quartzite, and
phyllite with C values of 0.69, 0.58, and 0.48,
respectively, while the schist, sandstone/mud-
stone, and granite along with the sediments of the
Tethyan sequence and the Gangetic plains indicate
the negative correlation. Elevation class ranging
between 2001-3000 m and 3001-4000 m exhibit
the highest strength of relationship having C value
of 0.85 and 0.84, respectively, followed by class
1001-2000 with C value of 0.15, whereas the ele-
vation class > 4001 m and < 1000 m indicate the
negative association with landslides. Among dif-
ferent slope classes, 51°—60° slope class indicates
the highest strength of relationship with C value of
0.93 followed by 41°-50° slope class and > 60° slope
class having C values of 0.78 and 0.75, respectively.
Slope class 31°-40° indicates low C value of 0.35,
whereas < 30° slope class exhibits the negative
strength of the relation. The slope directing
towards the southeast exhibits the highest strength
of relationship with C value of 0.42, followed by the
south and southwest classes with C value of 0.40
and 0.24, respectively, whereas all other slope
directions indicate negative association with the
landslide, and the flat surface indicate no associa-
tion with landslides. Also, the concave surfaces and
highly convex surfaces for the plan curvature and
the highly concave and highly convex surfaces for
the profile curvature indicate a strong correlation
with landslides, whereas the flat slope surfaces and
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Figure 3. The thematic maps of the controlling factors of landslides (a) elevation, (b) degree of slope, (c) slope aspect, (d) plan
curvature, (e) profile curvature, (f) distance to thrust, (g) distance to drainage, (h) distance to road, (i) topographic wetness

index, and (j) normalized difference vegetation index.

other surfaces exhibit a negative relationship with
the landslides. Further, the proximity of thrust,
drainage and road with respect to the distribution
of occurrences of landslides in the 100 m buffer
zones along thrust, and 50 m buffer zones along
drainage and road, indicate that the thrusts do not
seem to control the distribution of landslides as the

C exhibit negative values in the vicinity of the
thrust, whereas the road and drainage classes in
the immediate vicinity indicate higher strength of
relation with positive C values, and the strength
decreases moving away from these features with
some variations. The highest C value for TWI has

been observed in classes 5-10 with C value of 0.36,
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Figure 3. (Continued.)

followed by class <5 (0.29), and classes 11-15 and
> 15 indicate a negative association with landslides.
NDVTI indicates that bare soil exhibits a strong
correlation with the occurrence of landslides with C
value of 0.69, followed by shrub and grassland with
C value of 0.28, and the dense vegetation indicates
a negative association.

4.2.2 Information value method

Similar to the WoE method, in the IV method also
limestone exhibits the highest IV of 0.66, followed by
quartzite (0.51), gneiss (0.50), and phyllite (0.45),
whereas other litho-units either indicate negative IV
or zero value. The elevation classes 2001-4000 m
exhibit the higher IV wvalue, whereas all other
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Figure 3. (Continued.)

elevation range either indicate weak association or no
association at all with landslides. Similar to the WoE
method, the slope angle classes 51°-60°, > 60°, and
41°-50° exhibit higher positive association with
landslide having IV value of 0.75, 0.74, and 0.62,
respectively, whereas weak positive association of
landslides is exhibited in 31°-40° slope class, and all
the slope class < 30° indicate negative association

with the landslide occurrence. All the south-directing
slope classes exhibit positive IV value, while the flat
surface and north-facing slopes show a zero or nega-
tive relation with the landslide occurrences in the
area. Strong and positive relation has been observed
for concave and highly convex slopes for the plan
curvature and highly concave and convex slopes for
the profile curvature of the slope, respectively,
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whereas negative relation has been noted for the flat
surfaces. Likewise in the WoE method, in the IV
method, the proximity of the thrust does not seem to
be related to the occurrences of landslides as the IV
values in the class nearest to thrust is 0.10, and is
maximum in class quite away from the thrust. While
the road and drainage network exhibit a strong cor-
relation with the occurrence of landslides as the IV

value is maximum in the class proximity to these and
is clearly depicted table 2. The topographical wetness
index exhibits that class < 5 has the maximum IV
value of 0.29, followed by 5-10 class having a value of
0.16, whereas 0—15 and > 15 class do not indicate any
relation. While the bare soil class exhibits the highest
IV value of 0.37 followed by shrub and grassland class
having I'V value of 0.21. Dense vegetation class does
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not exhibit any relation with landslides as it has a
negative IV value.

4.3 Landslide susceptibility mapping

Landslide susceptibility maps depicting five classes
of hazards, viz., very low, low, moderate, high and
very high hazards, using WoE and IV methods have

been prepared and are presented in figure 4(aandb),
respectively. It has been observed that LSM pre-
pared by WoE exhibits that 25% and 26% area falls
in very low and low susceptible zones, 22% in mod-
erate, and 18% and 9% in high and very high sus-
ceptible zones. LSM prepared using IV indicates
more or less similar results (figure 5). Further, it has
been noted that the major area lying in the high and
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Table 2. The strength of the relationship for each class of 11 landslide controlling factors and the occurrences of landslides for both
the weight of evidence and the information value models.

Controlling N, (class area) Ly (landslide area) L./ N, (landslide
factors Class (km?) (km?) Wit Wi~ C density) v
Lithology  Granite 6543 4.2 - 0.19 0.02 —0.21 0.0006 - 0.19
Phyllite 2324 2.9 0.45 —0.03 0.48 0.0012 0.45
Limestone 5589 8.5 0.66 — 0.12 0.78 0.0015 0.66
Sandstone/mudstone 8460 24 — 1.00 011 —-1.11 0.0003 - 0.99
Quartzite 4853 6.3 0.51 —0.07 0.58 0.0013 0.51
Tethyan sediments 4851 2.2 — 0.52 0.04 — 0.56 0.0005 — 0.52
Unconsolidated 6237 0.0 0.00 0.12 —0.12 0.0000 0.00
sediments (Gangetic
plain)
Schist 3643 0.9 - 1.15 0.06 —1.20 0.0002 - 1.15
Gneiss 11151 14.4 0.51 —0.19 0.69 0.0013 0.50
Elevation < 1000 m 13770 7.6 - 0.34 0.10 —0.44 0.0006 —0.34
1001-2000 m 17503 15.1 0.10 —0.05 0.15 0.0009 0.10
2001-3000 m 7124 11.0 0.69 — 0.16 0.85 0.0016 0.68
3001-4000 m 4122 6.8 0.74 —0.10 0.84 0.0016 0.74
4001-5000 m 5812 1.4 - 1.18 0.08 — 1.26 0.0002 - 1.18
5001-6000 m 4874 0.0 0.00 0.10 —0.10 0.0000 0.00
> 6000 m 445 0.0 0.00 0.01 —0.01 0.0000 0.00
Slope 0°-10° 11398 0.5 —2.83 0.23 — 3.06 0.0000 —2.83
11°-20° 9336 3.3 - 0.79 0.11 —0.90 0.0004 - 0.79
21°-30° 9753 6.2 —0.20 0.04 —0.24 0.0006 —0.20
31°-40° 7781 8.1 0.29 - 0.06 0.35 0.0010 0.29
41°-50° 8051 11.7 0.62 —0.16 0.78 0.0014 0.62
51°-60° 7010 11.6 0.75 —0.18 0.93 0.0016 0.75
> 60° 320 0.5 0.74 —0.01 0.75 0.0016 0.74
Slope Flat (—1°) 190 0.0 0.00 0.00 0.00 0.0000 0.00
aspect N (337.5°-22.5°) 6548 3 — 0.55 0.03 - 0.57 0.0005 — 0.55
NE (22.5°-67.5°) 6311 3.3 — 041 0.04 — 0.46 0.0005 — 041
E (67.5°-112.5°) 6300 41 - 0.18 0.02 —0.20 0.0007 - 0.18
SE (112.5°-157.5°) 6924 7.7 0.35 —0.07 0.42 0.0011 0.35
S (157.5°-202.5°) 7144 7.8 0.33 — 0.06 0.40 0.0011 0.33
SW (202.5°-247.5°) 7441 7.1 0.20 — 0.04 0.24 0.0010 0.20
W (247.5°-292.5°) 6596 4.9 —0.04 0.01 —0.05 0.0007 —0.04
NW (292.5°-337.5°) 6198 4.0 - 0.19 0.02 —0.21 0.0006 - 0.19
Plan Highly concave 414 0.6 0.70 —0.01 0.70 0.0016 0.69
curvature (< —3)
Concave (—3 to 23376 20.9 0.13 —0.12 0.25 0.0009 0.13
—0.05)
Flat (—0.05 to 0.05) 5756 2.2 —0.72 0.06 —0.78 0.0004 —0.72
Convex (0.05 to 3) 23654 17.7 — 0.05 0.04 —0.08 0.0007 — 0.05
Highly convex (> 3) 450 0.6 0.47 —0.01 0.47 0.0012 0.47
Profile Highly concave 829 1.1 0.51 —0.01 0.52 0.0013 0.51
curvature (< —3)
Concave (—3 to 23197 17.4 — 0.04 0.03 —0.07 0.0008 — 0.04
—0.05)
Flat (—0.05 to 0.05) 4841 1.9 - 0.70 0.05 —0.75 0.0004 —0.70
Convex (0.05 to 3) 23946 20.2 0.07 — 0.06 0.14 0.0008 0.07

Highly convex (> 3) 837 1.4 0.76 — 0.02 0.78 0.0017 0.76
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Controlling N, (class area) Ly (landslide area) L,/ N (landslide
factors Class (km?) (km?) Wit Wi~ C density) v
Drainage 0-50 m 678 2.4 1.49 - 0.05 1.54 0.0035 1.49
51-100 m 671 1.83 —0.07 1.90 0.0048 1.82
101-150 m 658 1.79 — 0.06 1.86 0.0047 1.79
151-200 m 647 2.4 1.58 —0.05 1.62 0.0038 1.57
201-250 m 639 1.9 1.33 - 0.03 1.37 0.0030 1.33
251-500 m 3179 5.8 0.85 — 0.09 0.94 0.0018 0.85
> 500 m 47179 23.1 — 0.47 1.32 —1.79 0.0005 — 0.47
Thrust 0-100 m 508 — 0.61 0.00 - 0.61 0.0004 — 0.61
101-500 m 1885 —-0.21 0.01 —-0.21 0.0006 - 0.21
501-1000 m 2330 1.6 —0.14 0.01 —0.14 0.0007 - 0.14
1001-2000 m 4404 3.7 0.06 — 0.01 0.07 0.0008 0.06
2001-5000 m 11168 8.6 - 0.01 0.00 —0.02 0.0008 — 0.01
5001-10,000 m 12377 11.7 0.19 - 0.07 0.26 0.0009 0.19
10,001-20,000 m 14058 12.2 0.10 —0.04 0.14 0.0009 0.10
> 20,000 m 6921 2.7 — 0.69 0.07 —0.76 0.0004 — 0.69
Road 0-50 m 212 1.5 222 —0.03 2.26 0.0072 2.22
51-100 m 184 0.8 1.77 —0.02 1.79 0.0046 1.77
101-150 m 178 0.5 1.28 —0.01 1.29 0.0028 1.28
151-200 m 125 0.3 1.02 0.00 1.03 0.0022 1.02
201-250 m 164 0.4 1.06 — 0.01 1.06 0.0023 1.06
251-500 m 807 1.5 0.87 —0.02 0.89 0.0019 0.87
> 500 m 51981 37.0 —0.10 1.34 —1.44 0.0007 —0.10
TWI <) 1 0.0 0.29 0.00 0.29 0.0010 0.29
5-10 26758 24.6 0.16 —0.19 0.36 0.0009 0.16
10-15 21290 13.7 - 0.20 0.11 -0.31 0.0006 —0.20
> 15 5601 3.6 - 0.19 0.02 —0.21 0.0006 - 0.19
NDVI Bare soil 20026 22.8 0.37 —0.31 0.69 0.0011 0.37
Shrub and grassland 12830 12.3 0.21 - 0.08 0.28 0.0010 0.21
Dense vegetation 20794 6.9 — 0.86 0.31 —-1.18 0.0003 — 0.86

very high landslide susceptible zones are on the
slopes ranging between 40° and 60°, located at an
elevation ranging between 2000 and 4000 m and the
southern-side directing slopes. These are mainly
located in the vicinity of the MCT. The low and very
low susceptible zones lie at lower elevations and
gentler slopes and occur mainly in the Lesser and
Outer Himalaya and in the Indo-Gangetic plains.
Some of the religious tourist destinations like
Uttarkashi, Badrinath and Munsiayari falls in the
high to very high landslide susceptible zones.

4.4 Anthropogenic intervention of slopes

Uttarakhand state had its origin in 2000 and
since then there is a lot of human interference on
slopes in the form of development activities, like
construction of hydropower projects, tunnels, dams,
bridges, new roads and widening of the existing
roads, etc. All these activities require anthropogenic
intervention on slopes, in the form of change of

geometry of the slopes. Generally, any deviation
from the natural angle or the angle of repose of slope
may lead to destabilization of slopes, and subse-
quently, the slopes may either fail instantaneously
or in due course of time, if not treated immediately.
Due to all these activities, the area has witnessed
development of slope instability and landslides at
many places. Few recent examples of such failure,
triggered by the rainfall, have been witnessed along
the road-cut section or widening of roads section on
the Rishikesh—Badrinath highway in the Tota Ghati
area (https://www.amarujala.com/photo-gallery/
dehradun/badrinath-highway-open-after-six-days-
in-tota-ghati-but-threat-of-landslide-remains-intact).

The present study using both the models, i.e.,
weight of evidence and the information value,
depicts the positive relation of the spatial distri-
bution of landslides with the distribution of roads
and drainage network in the area, and the strength
decreases moving away from these features
(table 2). It is, therefore, of utmost importance
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Figure 4. Landslide susceptibility maps depicting very low, low, moderate, high and very high landslide susceptibility zones
using (a) weight of evidence and (b) information value methods.

that any change in the geometry of slope must be 4.5 Validation of the landslide susceptibility
evaluated carefully at the local scale, particularly mapping

in the high and very high landslide susceptibility
zones (figure 4a, b), and the landslide susceptibility
maps of the region should be considered for the
first-hand information to guide the development
activities in the region.

The landslide susceptible maps prepared using
WokE and IV models are validated by preparing the
success rate curve (SRC) and the prediction rate
curve (PRC). The SRC plot between cumulative
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Figure 6. (a) Success rate curve (SRC) and (b) prediction
rate curve (PRC) for the weight of evidence and information
value methods.

percent of the training landslides area and the
cumulative percent of the susceptible map area
(figure 6a) represents the number of landslides
successfully captured in the susceptibility map and
reflects the efficacy of the model. Whereas PRC
plot between cumulative percent of the testing
landslides area and the cumulative percent of the
susceptible map area (figure 6b) is used to estimate
the unknown future landslides and represent the
accuracy of classified landslide susceptible maps
that have been prepared. It has been noted that the

area under curve (AUC) of SRC is 79.2% and
78.4%, and PRC is 86.1% and 83.5% for the WoE
and IV model, respectively, indicating that of the
two models, WoE has somewhat better efficacy and
accuracy.

5. Conclusions

The present study exhibits the spatial distribution
of landslide susceptible zones of the state of
Uttarakhand by preparing the landslide susceptible
maps using weight of evidence and information
value methods. This study concludes that:

e Around 51% of the area is located in the high and

very high landslide susceptible zones, 22-23% in

the moderate and ~26-27% in the low and very
low landslide susceptible zones.

Both the methods used for the preparation of the

landslide susceptible maps indicate more or less

similar efficacy and accuracy, though, for the
present area of study, WoE model is somewhat
better than the IV model.

e In the present day climatic scenario of the state
of Uttarakhand, limestone, gneiss, quartzite and
phyllite have higher propensity towards the
development of landslides.

e Most of the high and very high landslide
susceptible zones are located in the vicinity of
the Main Central Thrust, and in the Higher
Himalaya, whereas low and very low landslide
susceptible zones are located in the Indo-
Gangetic planes, Outer and Lesser Himalayas.

e Slopes ranging between 40° and 60°, located at
an elevation between 2000 and 4000 m and
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facing towards southern sides are more suscep-
tible to failure and thus fall in the high and very
high susceptible zone.
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