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Abstract The progress of geospatial technique can help to

minimise the losses as it emerges as a powerful technique

for mapping landslide hazard zonation. Different

researchers use different methods for landslide hazard

assessment. But, there is not a single method which has

been universally accepted for effective assessment of

landslide hazard. In Indian subcontinent, 12.6% of land

area is susceptible to landslide hazard and the estimated

total economic damage due to landslide hazard is

4,500,000US$. This review article represents the temporal

development of different methodologies towards landslide

hazard zonation up to a recent year and their advantages

and disadvantages. The review indicates that mostly three

methods i.e., knowledge driven, data driven and physical

based method are followed among which, knowledge dri-

ven and bivariate analysis are mostly used during last

decade but from the twenty-first century onwards multi-

variate statistical modelling is mostly popularised as it

gives the most accurate result of landslide hazard zonation

in comparison to other methods. Geospatial modelling of

landslide susceptibility is useful for monitoring, mapping

and formulating proper management plans that will be

helpful for future landslide mitigation measures.
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1 Introduction

Landslides are natural occurring events but may change

into the hazard and cause loss of lives and damage to man-

made and natural structures. The definition of landslide

hazard is expressed by many authors in different ways but,

among them definition stated by Burton et al. [1], Varnes

and IAEG [2], and Abella [3] etc. are worthy to mention

and among these definition proposed by Varnes and IAEG

[2] is adopted and modified by most of the researchers.

Landslides are the most vulnerable geological hazard in the

Himalayan region, Western Ghats and Nilgiri range of

India (Fig. 1). These cause injuries and damages to the

property as well as infrastructure and affect a large number

of resources and may even cause the loss of lives when

they occur in a catastrophic way. Compared to the Hima-

layas, the Nilgiris (Tamil Nadu, Karnataka, Kerala and

western Ghats along the West coast) are relatively tecton-

ically stable and are mostly made up of hard rocks but still

debris avalanches and landslides occur, though not as fre-

quently as landslides in the Himalayan regions. In June

2013, a multi-day cloudburst in and around the Uttarak-

hand caused devastating floods and landslides, which

caused more than 5700 casualties. Recently occurred Malin

landslides (2014) are also caused by heavy rainfall in the

northern Western Ghats. According to EM-DAT database,

the total loss of lives and economic damages were in the

tune of 2185 and 4,500,000US$ (1980–2014) respectively

in India (Fig. 2).

In 1990, also known as ‘International Decade for Nat-

ural Disaster Reduction’ (IDNDR) as declared by the UN

General Assembly, the Indian government had entered into

the field of disaster management with a permanent and

institutionalised setup of a disaster management cell under

the Ministry of Agriculture. The management cell was
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formed for drawing up a systematic, comprehensive and

holistic approach towards disasters. After 1998 Malpa

tragedy in India, which killed 380 villagers and 200 Hindu

pilgrims on their way to Mansarovar lake, Tibet, wide-

spread awareness of the problem was created and disaster

management policy was changed from the steps of relief

through assistance to a holistic one. Consequently, the

disaster management division was moved under the Min-

istry of Home Affairs in 2002 vide Cabinet Secretariat’s

Notification No. DOC.CD-108/2002 dated 27/02/2002 and

a hierarchical structure for disaster management was for-

mulated. Among the government’s nodal agencies,

National Disaster Management Authority (NDMA), Geo-

logical Survey of India (GSI) and National Remote Sensing

Fig. 1 Map showing landslide

hazard zones in India (Source

Geological Survey of India)

Fig. 2 Number of landslide

occurrence and total death

caused due to landslide in India

during 1980–2014 (Source

EMDAT)
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Centre (NRSC) have involved in studies related to land-

slide hazard assessment and vulnerability throughout India.

Department of science and technology (DST) of India has

prepared the landslide hazard zonation Atlas in 2011 and

Bureau of Indian Standards (BIS) has standardised and

formulated guidelines for landslide susceptibility zonation

on a medium scale (1:50,000), on the basis of expert-based

indirect weighting approach [4]. National Landslide Risk

Mitigation Project (NLRMP) approved by the Planning

Commission of India is an ongoing project on landslide

under NDMA. There are several undergoing projects like

landslide site assessment project for Sports Complex of

Aizawl town under Mizoram state, where database on

landslide is being generated using GIS and nodal agencies

are routinely assess the site-specific projects, the latest one

being Vaishno Devi landslide project and another one

Amarnath Yatra. In 2001, NRSC [5] has completed land-

slide hazard zonation mapping for the Uttaranchal and

Himachal Pradesh state with the approach of high-resolu-

tion satellite data and aerial photographs. After June 2013

Kedarnath tragedy, NRSC has programmed its satellites to

acquire data over the affected area for Uttarakhand disaster

and initial results were uploaded in the NRSC web portal

(www.bhuvan.nrsc.gov.in). Research work on landslide has

gained attention to many research scientists of India in

recent years [6, 7] and hence increasing the research pub-

lication on landslides. Figure 3 shows the number of pub-

lication on landslide hazard in the International journal

from 2000 to 2015 in India.

Over the past few years, there have been significant

developments of GIS for spatial data analysis. For the last

20 years, remote sensing and GIS has been widely used in

the field of landslide susceptibility mapping [8] including

hazard and indices of risk assessment [9, 10].

This article contributes to the comparative evaluation of

different approaches for landslide susceptibility and hazard

zonation that are in vogue around the India.

2 Methods

In recent years, a wide variety of environments and diverse

approaches can be used for the assessment of landslide

susceptibility in the form of hazard zonation. Landslide

susceptibility zonation (LSZ) depends on the triggering

factors, complex knowledge of slope movements, amount

and quality of available data, working scale, and the

selection of the appropriate methodology of analysis and

modelling. There are two processes of creating these maps

i.e., qualitative (landslide inventory analysis, and knowl-

edge driven methods) and quantitative (data driven and

physically-based models) processes. The different methods

adopted for landslide initiation susceptibility assessment

are shown in the Fig. 4.

2.1 Qualitative methods

In general qualitative approaches are entirely based on the

expert knowledge and experiences of the persons carrying

out the susceptibility or hazard assessment. Marrapu and

Jakka [11] said that Qualitative models are the simplest

method for LHZ; geologist or geomorphologists used this

technique directly in the field. This method was mostly

used during 1970–1980 [12] and can be widely classified

into two types: field geomorphological analysis and use of

the combination or overlaying index maps or parameter

maps with or without weights.

2.1.1 Knowledge-driven methods (direct method)

Expert opinion plays a decisive role in Knowledge-driven/

heuristic methods. It is a direct method as the expert pre-

dicts the susceptibility of the terrain directly in the field, the

geomorphological/geological setting and based on the

observed phenomena. Several techniques such as Boolean

overlay, analytic hierarchy process (AHP) multiclass

overlay and spatial—criteria evaluation are developed for

qualitative methods where qualitative map combination has

become widely used in slope instability zonation. The

drawback of this approach is that the exact weighting of the

various parameter maps is difficult. There are some

research works on qualitative approaches include analytic

hierarchy process [13], predictive modelling [14], spatial

multi-criteria analysis [15], and weighted linear combina-

tion [16]. According to expert views, the most common

type of qualitative model is applying landslide inventories

to derive sites of similar geomorphological and geological

features susceptible to failure. The limitation of these

methods is their subjectivity associated with empirical

ranking. van Westen [17] said that heuristic method is not

necessarily bad when it is based on an expert opinion.
Fig. 3 Number of publication on landslide hazard in India published

in International Journals from 2000 to 2015
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2.1.2 Field study based on geomorphological analysis

Geomorphological mapping of landslide hazard zonation in

the field is also known as one of the direct methods that are

dependent on the efficiency of the investigator to estimate

the actual and potential failure of slope based on his/her

earlier experience. As this analysis is hampered by differ-

ent ways like investigators are unable to differentiate the

various parts of landslide viz., scarp, deposit and toe por-

tion, old landslides are covered or partially covered with

dense vegetation or the landslide portion may be disman-

tled by physical weathering or anthropogenic activity. In

the field, it is difficult to identify the extent boundary of

landslide especially in the case of large landslide where the

topography is hummock. There is a misconception that

mapping landslide in the field is more accurate than with

geospatial data. Geological Survey of India (GSI) is the

leading geo-exploration agencies, has been carrying out the

nationwide geological mapping of the landslide. Most of

the solely geotechnical work has been completed within

2010 for landslide assessment and nowadays GSI is com-

piling the geotechnical work with landslide hazard

zonation.

2.2 Quantitative methodologies (data driven

methods)

The quantified methodology has been proposed to improve

the output of landslide zonation which is earlier based

expert knowledge. The statistical approach reduces the

subjectivity in allotting weights to the predictors that are

responsible for a landslide. This type of analyses can be

either bivariate or multivariate.

2.2.1 Bivariate statistical analysis

In bivariate analysis, each geo-factor maps (geology, geo-

morphology, slope, land use etc.) are compared with

landslide inventory map and thereby weighted each factor

and factor class are assessed on the basis of landslide fre-

quencies. There are various important models like weigh-

ted overlay method, the weight of evidence model,

informative value approach, frequency ratio model and

Bureau of Indian Standard (BIS) which are used in the

bivariate analysis.

2.2.1.1 Weighted overlay method (WOM) It is the fast

and simplest technique to integrate binary thematic layers

wherein weights are allotted on the basis of the relationship

of triggering factors with landslide density. In some past

and recent research work carried out by Indian scientist

WOM with statistical approach has been proven as bene-

ficiary techniques for geospatial modelling of landslide

zonation by Indian scientist [13].

2.2.1.2 Weight of evidence model (WofE) The weight of

evidence model is the quantitative statistical model i.e. a

Bayesian approach which can assess the relationship of

the dependent variable to independent predictive vari-

able. It is represented by linear logarithm division of

events (%) and non-events (%) to estimate the relative

importance of evidence through statistical means. The

WofE method represents the spatial association between

evidential themes and known landslide area, where each

evidential theme are assigned with weights in terms of

correlation with landslide occurrence. This is combined

with the probability of occurrence of the landslide to

Fig. 4 Methods for landslide initiation susceptibility assessment divide methodology in two phases qualitative and quantitative instead of

validation (Source ITC/CNRS)
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find out the posterior probability of occurrences.

According to Bonham-Carter et al. [18], WofE is cal-

culated as:

W ¼ ln
P A=Bð Þ
P A=�Bð Þ ð1Þ

W ¼ ln
P �A=Bð Þ
P �A=�Bð Þ ð2Þ

where P is the probability; A and �A is the presence and

absence of landslide responsible factors; B and �B is

presence and absence of landslide in the area. WofE

offers the flexible way of testing the importance of input

evidential themes for landslide mapping. WofE gives

effective result when it is integrated with other statistical

techniques and is most effective when there are a few

relevant geo-environmental variables and inventory of

landslide occurrence and cause exists. In regards to

landslide occurrence, all the variables must be condi-

tionally independent to assess the variables separately of

one another for WofE analysis.

2.2.1.3 Informative value approach (IVM) Yin and Yan

[19] proposed the Informative value method and later

modified by van Westen [20]. IVM of landslide hazard

zonation is an indirect bivariate statistical method based on

the relationship between landslides related variables and

occurrence of a landslide for spatial prediction. This model

allows crossing of each landslide conditioning factors with

landslide distribution and weight of predictors (Wi) can be

done through ratioing the density of landslide occurrences

in each class to the total area of landslide density occur-

rence (Eqs. 3, 4).

Wi ¼ ln
Density of landslide within a class of a factor

Density of landslide within the study area

ð3Þ

¼ ln
Npix Sið Þ=Npix nið Þ

P
Npix Sið Þ=Npix Nið Þ ð4Þ

2.2.1.4 Frequency ratio method (FR)/probabilistic likeli-

hood model FR method is a simplest probabilistic

bivariate statistical method. The accuracy of the model is

acceptable and it is used to subtract the thematic layers

[21]. The spatial association between landslide and con-

ditioning factors can be calculated by applying the proba-

bilistic likelihood model, computes the ratio of the pixel

number of the area where the landslide occurred to a

number of pixels for given conditioning factor class that is

responsible for a landslide. It is conspicuous that suscep-

tibility of the factor class is high where the FR ratio is

higher.

2.2.1.5 Bureau of Indian Standard (BIS) In 1998 India

developed standards for macro scale zonation of landslide

i.e. popularly known as Bureau of Indian Standard (BIS)

[22]. It is the simplest, cost effective and subjective method

for mapping at 1:25,000 and 1:50,000 scale. In several

regions of India, many scientists applied this method for

landslide hazard assessment/zonation and developed the

effectiveness of BIS on medium scale mapping [8]. The

main limitation of this bivariate statistical method is the

independence between different explanatory maps with

respect to the probability of landslide occurrence, due to

the hypothesis of conditional independence. This hypoth-

esis is generally invalid. The problem can be solved by

developing the joined dependent maps from the data and

then preparing a new parameter map [23].

2.2.2 Multivariate statistical analysis

The multivariate statistical analysis includes several

methods like Conditional analysis, Logistic regression

model, multiple regression models, Discriminant analysis

and Artificial Neural Networks (ANN) etc. These methods

calculate the landslide area for each pixel in percentage

form and thereafter landslide presence–absence data layer

is produced.

2.2.2.1 Discriminant analysis method Fisher [24] intro-

duced a Discriminant analysis (DA) method to classify

samples into alternative groups on the basis of a set of

measurements. According to Lee et al. [25], DA allows us

to determine the maximum difference for each independent

variable (e.g. landslide causative factor) between landslide

group and non-landslide group and to determine weights

for these factors. DA normally required the data which is

derived from a frequently violated, normally distributed

population. Significant amount of research works has car-

ried out by DA for landslide susceptibility zonation [26].

DA is used to identify the best discrimination between

presence and absence landslide area. The analytical result

is represented in terms of a combination of the weighted

variable as (Eq. 5):

D ¼ A0 þ A1X1 þ A2X2 þ � � � þ AnXn ð5Þ

where D is the Discriminant function, A is the coefficient

estimated in such a way that variability is maximum

between the landslide and non-landslide group and mini-

mum within each group and X is the factors responsible for

a landslide. One of the limitations of DA is the capability to

analyse only the continuous data.

2.2.2.2 Logistic regression method (LR) LR is used to

describe the relationship of several independent factors to

dichotomous dependent factors related to a landslide
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Kleinbaum and Klein [27]. LR can be of two types-one is

binary (when the dependent variable is dichotomous and

independent variable is of any type) and another one is

multinomial (dependent variable with more than two

classes) LR [28]. LR is calculated in terms of logistic

function which is stated as follow (Eq. 6):

f zð Þ ¼ 1

1þ e�z
ð6Þ

To obtain the logistic model from a logistic function, z is

linear constant (Eq. 7). Where z ranges from -? to ??.

Z ¼ aþ
X

biXi ð7Þ

In Eq. 7. a is the constant bi and Xi are the corresponding

coefficient and independent variable respectively.

Many landslide susceptibility research works reported

from Garhwal Himalaya and Garhwal lesser Himalaya

[29, 30] are done by means of LR and binary logistic

regression model.

LR analysed data at any scale (categorical, continuous,

or their combination) make it more appropriate than dis-

criminant analysis. The minus point of LR is no guidelines

available for the selection of covariates and between

studies, the covariates selected varying significantly. In

future logistic regression studies, covariates inventories

associated with land sliding produced from global can act

as a useful aid in the selection of covariates.

Globally this approach is widely used by the researchers

and Indian researchers also used this method for landslide

hazard zonation with high success rates [11, 14].

2.2.3 Artificial neural network (ANN) method

According to Lees et al. [31] ‘‘Neural network is a pro-

cessing device, implemented as an algorithm or in hard-

ware, whose design was motivated by the design and

function of mammalian brains; they react to training data

input in such a way as to alter their initial state, something

no conventional algorithm does: they can learn’’ (Fig. 5).

ANN has over three layers of neurons which are connected

by weights. This model uses Backpropagation learning

algorithm’ which defines rules for assignment of weights.

The weight of each variable is then adjusted to minimise

errors. Artificial Neural Network (ANN) is a non-linear

model and proved to be more effective in landslide hazard

assessment [32, 33]. It produces a more accurate result than

other multivariate method [34]. An important merit of the

ANN is that for specific statistical variables are not

required since ANN is independent of the statistical dis-

tribution of the data [31]. In comparison with other sta-

tistical methods, ANN permits the target classes to be

defined, by accounting the distribution of classes in the

corresponding domain of each data source ANN requires

fewer training data with respect to statistic methods for

carrying out accurate analysis [35].

2.3 Geotechnical or physically based models (slope

stability methods)

This method focuses stability of a particular site or a slope.

The input data for this method is obtained from laboratory

tests and can be used to determine safety factor for par-

ticularly considered slope. In this method the accuracy is

high and it depends on provided input data and the methods

utilised for the analysis. This method usually ignores a

causative factor like climate and human-induced factors,

drainage and vegetation. This method only provides the

stability of a slope that means a factor of safety at the

particular time of data collection. It does not account other

factors that are mainly responsible for the changes of

causes of landslides, the temporal and spatial frequencies

of the landslides, and the magnitudes of the landslides.

3 Case reviews

Academic research has been expanded from bivariate to

multivariate modelling. There are some examples of

landslide studies throughout India.

3.1 Bivariate models

The application of WofE method has been applied for the

Himalayan region [25, 35]. Among these studies, Guri

et al. [35], carried out bivariate statistical approach to

assess the two-fold benefit of WofE model in landslide

hazard zonation. Firstly, in the scarcity of data, we can

derive critical parameters related to landslide and in

another hand, WofE allows variables to evaluate their

cumulative consequences on a landslide. The outcome was

generated within a short period of time. Similar kind of

studies has been reported from the southern part of India

[36, 37] with very high accuracy in posterior landslide

occurrences.

Sarkar et al. [38] used indirect IVM model for the

assessment of landslide susceptibility in the part of Dar-

jeeling Himalaya. Thematic layers were assigned weight

through information value method. Success- prediction rate

curve and receiver operator characteristic (ROC) curve

were used to examine the analysis and assess the perfor-

mance of model respectively. Sharma et al. [39, 40]

developed the application Shannon’s entropy with aid of

bivariate statistical method i.e., IVM for Sikkim Himalaya

in India.

Vijith et al. [41], Kannan et al. [8] used FR to estimated

landslide potential zone and landslide vulnerability of
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Western Ghats’s and Theni district of Tamil Nadu

respectively. The result shows the high accuracy of land-

slide potential zone. The model was authenticated/affirmed

with relative landslide density index where it showed good

performance of map. Several studies involving compara-

tive evaluation of FR with different statistical method like

likelihood ratio [42], fuzzy logic [43] has been done.

3.2 Multivariate models

Kumar and Anbalagan [43] has applied binary LR model

for the landslide susceptibility zonation in the part of rim

region of Tehri reservoir in Garhwal district, India. On the

basis of cell-by-cell technique landslide occurrence of

probability was measured in the GIS environment. The

study revealed that area near reservoir side slope was

highly susceptible to landslide hazard and the result

showed the acceptable accuracy of 80.2% when it was

validated with ROC curve.

Kundu et al. [44] prepared landslide zonation map for

Ganeshganga Watershed area of Himalayas through a

binary LR model. Several causative factors like land

use/land cover, slope, relative relief, aspect, tectonic

structures, lithology, lineaments, drainage density, distance

to drainage, distance to the road were taken into consid-

eration for the landslide susceptibility mapping and

weights were assigned to each factor through LR analysis.

The final probability map was categorised into four classes

of landslide susceptible zone from high to low. The

resultant map showed 95.2% accuracy through ROC curve.

Several studies for landslide susceptibility mapping

using ANN have been carried out in India. Arora et al. [34]

produced a landslide hazard zonation (LHZ) map using

Artificial Neural Network (ANN) black box approach in

the Bhagirathi Valley, Himalayas, and India. The accuracy

of the LHZ map produced by the ANN is around 80% with

a very small training dataset. The distribution of landslide

hazard zones derived from ANN shows similar trends as

that observed with the existing landslides locations in the

field. A comparison of the results with an earlier produced

GIS-based LHZ map of the same area by the authors (using

the ordinal weight rating method) indicates that ANN

results are much better than those obtained from an ordinal

method-based LHZ classification (based on subjective

rating) of the same area as reported in Saha et al. [45].

Socio-economic impact and susceptibility mapping are also

done within Nilgiris district of Tamil Nadu state [46].

Kuriakose et al. [47] used the physically based model to

develop shallow landslide model in the upper basin of

Tikovil river, Kerala. With limited data input, the final

output expresses the spatial and temporal pattern of the

uncertainty of slope in the region.

4 Discussion

The systematic literature studies show that there are several

statistical modelling for landslide susceptibility. Landslide

types like shallow, debris and earth slide were mostly

found in the research work. The literature is widely

Fig. 5 Architecture of Neural

network geometry consists of

input, hidden and output layers
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associated with multivariate statistical modelling. The

bivariate statistical method is a good learning tool for the

analyst to find out factors or combination of factors that

play a role in the initiation of landslides. This method is

used as direct and also serves as the initial stage for starting

the multivariate analysis, whereas, the multivariate tech-

nique is able to find out the actual and potential landslide

susceptibility. This method’s success is relying on quality,

quantity and reliability of the data. The finding on

methodologies suggests that multivariate gives more

accurate result than conventional methods. Over the past

few years research on landslide hazard is increased but

still, there are some gaps in the research work. The first and

most important problem is data scarcity in terms of the

record of landslide occurrence with date and time, numbers

of landslide happened and their administrative location.

These data are no longer maintained which seriously

threatens to their persistent. PostgresSQL/PostGIS is a new

approach which stores millions of date set in the form of

landslide documentation and this is a good data sharing and

knowledge transfer approach for research world. In India

aerial photographs and topographical data is not available

for border region/entire Himalayan region as restricted for

security purposes. However Indian remote sensing satellite

data has stood as a standard data input for landslide studies

but sometimes required data has cloud cover, which ham-

pered landslide studies. Globally, there have two main eras

of landslide studies i.e. empirical and modelling era. The

empirical era (1958–1990) is concerned with past landslide

losses with respect to cost estimation whereas modelling

era (1990–2014) is focused on future scenario of landslide

occurrence and losses. From the 1990s, GIS and remote

sensing evolved as a powerful tool in landslide modelling.

Cost estimation and risk analysis are missing in both eras.

At present time, few studies are developed to overcome

with above-stated approaches [31, 32] but still cost esti-

mation faces major challenges. A critical step for inte-

grating risk assessment is to analyse what type of landslide

damage affected people and property in which way, and

how people respond and contributed to them. Early warn-

ing system for landslide prone areas is still missing in

research practices.

5 Conclusion

The study presents a critical review of different methods

adopted for landslide hazard zonation and susceptibility

mapping in India context during a time framework of

1980–2015. The study reveals that recently Indian scientist is

mostly using multivariate statistical analysis as it gives the

more appropriate result as compared to heuristic and

bivariate method. Remote sensing and GIS with the aid of

aerial photography/high-resolution satellite data emerge as a

powerful tool for landslide hazard zonation mapping. There

is a limited study in the geotechnical aspect in landslide

hazard zonation in India. Combining the effect of geospatial

and geotechnical method will definitely give a significant

result in landslide susceptibility. Indian Government needs

to modify and reconstruct the BIS codes and National

Disaster Management Authority (NDMA) guidelines for

landslide hazard zonation and management. Central and

state Govt. should prepare the user-friendly community level

early warning system for landslide hazard.
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