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Abstract

Landslide hazard assessment is an important step towards landslide hazard and risk management. There are several
methods of Landslide Hazard Zonation (LHZ) viz. heuristic, semi quantitative, quantitative, probabilistic and multi-
criteria decision making process. However, no one method is accepted universally for effective assessment of
landslide hazards. In recent years, several attempts have been made to apply different methods of LHZ and to
compare results in order to find the best suited model. This paper presents the review of researches on landslide
hazard mapping published in recent years. The advanced multivariate techniques are proved to be effective in
spatial prediction of landslides with high degree of accuracy. Physical process based models also perform well in
LHZ mapping even in the areas with poor database. Multi-criteria decision making approach also play significant
role in determining relative importance of landslide causative factors in slope instability process. Remote Sensing
and Geographical Information System (GIS) are powerful tools to assess landslide hazards and are being used
extensively in landslide researches since last decade. Aerial photographs and high resolution satellite data are useful
in detection, mapping and monitoring landslide processes. GIS based LHZ models helps not only to map and
monitor landslides but also to predict future slope failures. The advancements in Geo-spatial technologies have
opened the doors for detailed and accurate assessment of landslide hazards.

Keywords: Landslide hazard; Landslide hazard zonation; Preparatory variables; Triggering mechanism; Geographical
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Introduction
Landslide is an important geological hazard that causes
damage to natural and social environment. The concept
of landslide is dealt by many authors differently. Varnes
and IAEG (1984) defined landslides as ‘almost all var-
ieties of mass movements on slope including some such
as rock falls, topples and debris flow that involve little or
no true sliding’. Brusden (1984) considered landslides as
a unique form of mass transport and a process which do
not require a transportation medium such as water, air
or ice. Crozier (1986) defined landslides as ‘the outward
and downward gravitational movement of the earth ma-
terial without the aid of running water as a transporting
agent’. According to Hutchinson (1988), ‘A landslide in
its strict sense is a relatively rapid mass wasting process
that causes the down slope movement of mass of rock,
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debris or earth triggered by variety of external stimulus’.
A recent definition by Courture R (2011) simply states
that ‘landslide is a movement of mass of soil (earth or
debris) or rock down a slope’. This concept of landslide
is more broaden with respect to the type of material that
moves down slope.
Landslide causes loss of around 1000 lives and prop-

erty worth $4 billion annually (EM-DAT 2007).
According to the database created by the Centre for Re-
search on Epidemiology of Disasters, landslides and re-
lated processes have killed over 61,000 people world
over in the period between A.D. 1900 and A.D. 2009
(EMDAT 2010).
According to Brabb (1993), at least 90% of landslide

losses can be avoided if the problem is recognized before
the landslide event. Hence, there is a dire need for landslide
hazard assessment at various spatial scales. The available lit-
erature needs to be reviewed to identify development in
landslides hazard zonation methodologies world over. The
present article reviews recent advances in landslide hazard
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assessment. The main focus of this paper is to discuss re-
cent developments in landslide hazard zonation mapping
methods, consideration of preparatory and triggering vari-
ables for mapping and application of Remote Sensing and
Geographical Information System in the same. More than
100 recent research articles from referred journals viz. Geo-
morphology, Landslides, Engineering Geology, Natural
Hazards and Earth Syst. Sci. and International Journal of
Remote Sensing have been reviewed and compared on the
basis of type of hazard zonation method adopted and vari-
ables considered for hazard zonation.

Review
Landslides and zonation
Landslides are natural events, but may turn into hazard
and cause loss of lives and damage to man-made and
natural structures. The term landslide hazard is defined
by many authors differently, among them definition
given by Burton et al. (1978), Rezig et al. (1996), Varnes
and IAEG (1984), Cardinali et al. (2002), Guzzetti (2003)
and Abella (2008) are important.
Though there are numerous approaches to define

landslide hazards, many of the researchers have largely
adopted or modified the definition given by Varnes and
IAEG (1984).

Methods of landslide hazard zonation
Landslide hazard zonation is an important step in land-
slide investigation and landslide risk management. Varnes
and IAEG (1984) defines the term ‘zonation’ as ‘the
process of division of land surface into areas and ranking
of these areas according to the degree of actual or poten-
tial hazard from landslides or other mass movements’.
Courture R (2011) explained the concept of landslide
hazard as ‘division of land into somewhat homogeneous
areas or domain and their ranking according to the degrees
of actual or potential landslide susceptibility, hazard or risk
or applicability of certain landslide related regulations’.
There has been significant growth both in landslide

events particularly those induced by human activities
and in number of landslide investigations in different
parts of the world (Gutierrez et al. 2010). Gokceoglu and
Sezer (2009) carried out statistical assessment of inter-
national landslide literature. They argued that publica-
tion of landslide related articles in the international
journals has experienced exponential growth. They also
pointed out that landslide susceptibility assessment is an
important part of landslide investigation and has re-
ceived more attention with highest number of publica-
tions in international journals.
Over last three decades LHZ mapping has been

carried out in different parts of the world. Several
approaches have been developed for LHZ mapping such
as inventory based mapping, heuristic approach,
probabilistic assessment, deterministic approach, statis-
tical analysis and multi criteria decision making
approach.

Distribution (inventory) approach
Distribution analysis is one of the simplest qualitative
approaches of LHZ mapping. It is also known as ‘land-
slide inventory’. In this analysis, landslide inventory
maps are produced which portray spatial and temporal
patterns of landslide distribution, type of movement, rate
of movement, type of displaced material (earth, debris or
rock) etc. Landslide data are obtained through field sur-
vey mapping, historical records, satellite images and aer-
ial photo interpretation. Landslide distribution and
density maps provide basis for other landslide suscepti-
bility methods.
Cruden (1991) defined landslide inventory as ‘the sim-

plest form of landslide information which records the lo-
cation and where known, the date of occurrence, type of
landslides that have left identifiable traces in the area’.
Landslide inventory map also shows a slope failure by a
single event or they may show cumulative effects of
many events (Guzzetti et al. 2005a).
Landslide inventory play significant role in landslide

hazard assessment. The quality and completeness of
landslide inventory influences reliability of landslide in-
vestigation. Galli et al. (2008) compared landslide inven-
tory maps prepared for different parts of Italy. Landslide
distribution inventory, geomorphological landslide maps
and multi-temporal landslide inventories were compiled
and relationships among them were established. The re-
sults of the study revealed that complete landslide inven-
tory map provide high predictive power for landslide
susceptibility analysis.
Guzzetti et al. (2003) discussed three landslide event

inventories and compared them using universal frequency-
area statistics. They discussed the significance of complete-
ness and resolution of landslide inventory maps in the
landslide investigations. The results of the study portray
that number of landslide events rapidly increased with
increasing landslide area up to a maximum value and de-
creased as power law function.
Colombo et al. (2005) prepared landslide inventory by

systematic surveys using aerial photo interpretation and
GIS database to process the data using ARPA (Agenzia
Regionale per la Protezione Ambientale - Regional
Agency for Environmental Protection) archives. They
classified landslides on the basis of landslide classifica-
tion scheme by Varnes and IAEG (1984).

Statistical approach
In last few years the approach towards LHZ has been
changed from heuristic (knowledge based) approach to
data driven approach (statistical approach) to minimize
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subjectivity in weightage assignment procedure and pro-
duce more objective and reproducible results Kanungo
et al. (2009). Methods based on statistical analysis of
geo-environmental factors related to landslide occur-
rence are preferred. The statistical methods for LHZ can
be grouped into two viz. bi-variate statistical analysis
and multi-variate statistical analysis.
Bi-variate statistical analysis
The bi-variate statistical analysis for landslide hazard
zonation compares each data layer of causative factor to
the existing landslide distribution (Kanungo et al. 2009).
Weights to the landslide causative factors are assigned
based on landslide density. Frequency Analysis approach,
Information Value Model (IVM), Weights of Evidence
Model, Weighted overlay model etc. are important bi-
variate statistical methods used in LHZ mapping.
Weights of evidence model
A Weight of Evidence is a log linear form of Bayesian
probability model for landslide susceptibility assessment
that uses landslide occurrence as training points to de-
rive prediction outputs. It calculates both unconditional
and conditional probability of landslide hazards. This
method is based on calculation of positive and negative
weights to define degree of spatial association between
landslide occurrence and each explanatory variables
class. The Weights of Evidence model has been used for
landslide susceptibility since 1990′s (Blahut et al. 2010).
It uses different combinations of landslide causative fac-
tors in order to describe their interrelation with land-
slide distribution.
Blahut et al. (2010) applied WofE model to landslide sus-

ceptibility zonation mapping in Valtellina valley of central
Italian Alps. The model was applied for different combina-
tions of factor map. Four landslide susceptibility maps were
prepared and compared using success rate curves. The best
performing model was then selected with AUC (Area
Under Curvature) value of 88%. Sterlacchini et al. (2011)
carried out LHZ mapping in the Alpine environment of
Italian Alps using WofE model. The model was validated
by using success rate curves and prediction curves which
gave success rate up to 88%. Piacentini et al. (2012) consid-
ered anthropogenic factors (land use and road network) for
modeling landslide susceptibility using WofE method.
Martha et al. (2013) applied this method to assess spatial
landslide probability in Rudraprayag district of Garhwal
Himalaya, India using semi-automatically created landslide
inventories.
WofE a statistical method for landslide susceptibility

modeling has proved to be a useful spatial data predic-
tion model in many research works published in recent
past (Piacentini et al. 2012; Schicker and Moon 2012;
Martha et al. 2013; Neuhausev et al. 2012; Ghosh et al.
2009).
Weighted overlay method
Weighted overlay is a simple bi-variate statistical method
wherein weights are assigned based on the relationship
of landslide causative factors with the landslide fre-
quency. Sarkar et al. (1995) developed a methodology of
LHZ for Rudrapeayag district in Garhwal Himalayas,
India. Numerical weightages are assigned to causative
factors on the basis of their relationships to the landslide
frequency. Finally, the data layers were overlaid to pro-
duce LHZ map.
Panikkar and Subramaniyan (1997) carried out land-

slide hazard assessment using GIS based weighted over-
lay method in the area around Dehradun and Massori of
Uttar Pradesh, currently Uttarakhand in India. The study
revealed that rapid deforestation and urbanization have
triggered landslides in the study area. This method is
used to determine the relative importance of landslide
causative factor in landslide occurrence (Parise 2002;
Preuth et al. 2010; Cardinali et al. 2002).
Bi-variate discriminant function for ranking and

weighting of landslide explanatory variables can be used ef-
fectively to produce landslide susceptibility map (Nagarajan
et al. 2000).
Frequency ratio approach
Frequency ratio is one of the bi-variate statistical ap-
proaches of landslide susceptibility assessment which is
based on observed relationships between landslide distri-
bution and each causative factor related to landslides.
This method can be used to establish spatial correlation
between landslide location and landslide explanatory fac-
tors (Lee 2005). Frequency ratio for each sub-class of in-
dividual causative factor is calculated based on their
relationship with landslide occurrence. Landslide Sus-
ceptibility Index (LSI) is computed by summing of fre-
quency ratio values of each factor.
Lee (2005) applied this model to landslide susceptibil-

ity in Penang region of Malaysia. He compared landslide
susceptibility maps produced by Frequency Ratio Model
and Logistic Regression model. Goswami et al. (2011)
used frequency area statistics to assess spatial distribu-
tion of landslides in south west Calabria, Italy. Lee and
Pradhan (2006) applied frequency ratio model to map
landslide susceptibility for Penang region, Malaysia. The
verification results showed 80.03% accuracy and found
that incorporation of precipitation data in LHZ mapping
improves prediction accuracy of landslide susceptibility
map. Balteanu et al. (2010) applied this method to map
Landslide Susceptibility in Romania.
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Information Value Method (IVM)
Information Value Model (IVM) is a bi-variate statistical
method for spatial prediction of landslides based on rela-
tionships between landslide occurrence and related pa-
rameters (Sarkar et al. 2006). The information values are
determined for each subclass of landslide related param-
eter on the basis of presence of landslide in a given map-
ping unit. Several studies have applied this method for
LHZ mapping.
Zezere (2002) carried out landslide susceptibility assess-

ment considering landslide typology in North Lisbon,
Portugal. He found that information values for roads and
fluvial channels are found in high landslide susceptibility
class. The study revealed that anthropogenic activities play
significant role in landslide occurrence and magnitude of
landslides depend largely upon typology of landslides.
Wang and Sassa (2005) compared landslide susceptibility
maps for Minamata area of Japan produced by Logistic Re-
gression and Information Value Model in GIS environment.
Sarkar et al. (2006) presented a GIS based spatial data ana-
lysis for landslide hazard mapping in Sikkim Himalayas.
They performed Information Value Model to integrate the-
matic data layers and subsequently numerical weights were
assigned. Sharma et al. (2009) carried out GIS based land-
slide susceptibility zonation for Sikkim Himalayas using
IVM. The accuracy assessment of landslide susceptibility
map confirmed the model with highest degree of accuracy
for high susceptibility class. Akbar and Ha (2011) developed
an integrated model for landslide susceptibility zonation
using Global Positioning System (GPS), Geographical Infor-
mation System and Remotely Sensed data.
A modified form of pixel based information value model

was applied to map landslide susceptibility. The study re-
vealed that factors such as land use, rainfall intensity, dis-
tance from road and river influenced landslides more than
that of other factors. Pereira et al. (2012) used IVM to
evaluate the role of different combinations of landslide pre-
disposing factors in the occurrence of shallow landslides in
parts of Northern Portugal. IVM based 120 landslide
susceptibility maps were produced and compared to deter-
mine ‘best fit model’ to landslide susceptibility in the study
area. Recently, Balsubramani and Kumaraswamy (2013)
applied this method for landslide hazard zonation mapping
in Giri valley of Himachal Pradesh using high resolution
satellite data.
Information Value Model has proved useful method in

determining the degree of influence of individual causa-
tive factor responsible for landslide occurrence
(Kanungo et al. 2009; Champatiray 2000; Champatiray
et al. 2007; Arora et al. 2004).

BIS based LHEF method
Bureau of Indian Standards (1998) has given guidelines for
macro level landslide hazard zonation (BIS - IS 14496, Part
2) in India. BIS based Landslide Hazard Evaluation Factor
(LHEF) rating scheme for landslide susceptibility zonation
is a heuristic approach to landslide hazard assessment.
According to Bureau of Indian Standards (1998) landslide
hazard zonation procedure can be performed using LHEF
rating for different landslide causative factors. BIS identified
six landslide causative factors for hazard zonation viz.
lithology, structure, slope morphometry, relative relief, land
use-land cover and hydrological condition. In this method,
the area under investigation is divided into small mapping
units to which numerical weights are assigned for each
thematic data layer and finally TEHD (Total Estimated
Hazard) is obtained by adding weights of all variables for
each mapping unit and Landslide Hazard map is produced.
Anbalagan et al. (2008) applied this method to map land-

slide susceptibility at meso-scale in Nainital, Kumaun
Himalayas. The slope facet map was considered as base
map to prepare thematic data layers. Few attempts have
been made to apply this method in several parts of India
(Naithani 2007; Singh et al. 2011; Champatiray et al. 2007
and Kannan et al. 2011).
BIS based LHEF rating scheme is a very simple and

cost effective method of landslide hazard mapping. How-
ever, subjectivity in weight assignment procedure exists
in this method which can affect the level of accuracy of
hazard zonation map. Moreover, this method does not
consider landslide distribution and therefore very diffi-
cult to test its validity.
Ghosh et al. (2009) evaluated effectiveness of the

existing BIS method in Darjeeling Himalayas by
adopting WofE model. They proposed a modified BIS
model based on relationships of landslide causative
factors with landslide distribution and found it more
effective method for LHZ method.

Fuzzy logic method
Fuzzy Logic method of landslide hazard zonation is
based on bi-variate analysis wherein each landslide
explanatory variable is represented by a value between 0
and 1 based on the degree of association of these param-
eters with landslide occurrence (Champatiray 2000).
These membership values are then integrated using
Fuzzy gama operator or Fuzzy Algebric Sum to produce
landslide hazard zonation map. Champatiray et al.
(2007) applied this method to landslide susceptibility
assessment in Garhwal Himalayas.
Bi-variate statistical approach for LHZ mapping considers

the relationship of landslide explanatory variables with
landslide distribution. However, assigning weightage to the
causative factors on the basis of this relationship may not
always be appropriate as interrelationships among the
causative factors also determine the degree of landslide
hazard. Moreover, landslide events are outcome of several
explanatory variables at a time. Therefore, it calls for
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application of multivariate statistical methods for more ac-
curate LHZ mapping.

Multi-variate statistical analysis
Multi-variate statistical analysis for landslide hazard zon-
ation considers relative contribution of each thematic data
layer to the total landslide susceptibility (Kanungo et al.
2009). These methods calculate percentage of landslide area
for each pixel and landslide absence - presence data layer is
produced followed by the application of multivariate statis-
tical method for reclassification of hazard for the given area.
Logistic regression model, Discriminant analysis, Multiple
regression models, conditional analysis, Artificial Neural
Networks (ANN) are commonly used methods for LHZ
mapping.

Logistic Regression (LR) analysis
The Logistic Regression is useful for predicting the pres-
ence or absence of a characteristic or outcome based on
values of a set of predictor variables. This model is
suited when dependent variable (e.g. landslide event) is
dichotomous (Wang and Sassa 2005). Logistic Regres-
sion can be of two type viz. Binary Logistic (when
dependent variable is dichotomous and independent
variable is of any type) and Multinomial Logistic Regres-
sion (dependent variable with more than two classes). In
case of landslide susceptibility mapping, the LR model
find the best fitting model to describe the relationship
between presence and absence of landslides and the set
of independent variables such as slope angle, slope as-
pect, lithology and land use (Ayalew and Yamagishi
2005). It generates the model statistics and coefficient of
formulae useful in defining susceptibility. If coefficient is
positive, the landslide event is likely to occur. LR is a
statistical model of slope instability built on the assump-
tion that factor which caused slope failure in a region
are the same as those which will generate landslides in
future (Guzzetti et al. 1999).
Guzzetti et al. (1999) applied this method to model

landslide susceptibility for Umbria region in central Italy.
Rowbotham and Dudycha (1998) applied LR model to
landslide susceptibility zonation for Hong Kong. They
classified the region in terrain units based on Digital Ele-
vation Model in GIS environment. Tolga et al. (2005)
carried out landslide susceptibility assessment in Black
Sea region of Turkey using LR model. They used Unique
Condition Unit as a mapping unit for susceptibility
classification.
Recently, several GIS based landslide susceptibility

analyses using pixel as mapping unit have been applied.
Several studies have applied LR model for LHZ mapping
with comparatively high success rates (Chau et al. 2004;
Wang and Sassa 2005; Ayalew et al. 2005; Garcia-
Rodriguez et al. 2008; Ghosh 2011; Ohlmacher and
Davis 2009; Hakan et al. 2008; Chang et al. 2007; Das
et al. 2011; Akgun 2011; Mancini et al. 2010; Erner et al.
2010; Ayalew and Yamagishi 2005; Guzzetti et al. 1999;
Das 2011; Atkinson and Massari 1998; Greco et al. 2007;
Chang and Chiang 2009; Lee 2005; Atkinson and
Massari 2011; Schicker and Moon 2012; Das et al. 2012;
Meusburger and Alewell 2009; Lee et al. 2010; Dai and
Lee 2002; Atkinson and Massari 2011, Das et al. 2012;
Xu et al. 2012).

Discriminant analysis method
Discriminant analysis is one of the frequently used stat-
istical models for LHZ. Discriminant analysis allows us
to determine the maximum difference for each inde-
pendent variable (e.g. landslide causative factor) between
landslide group and non-landslide group and to deter-
mine weights for these factors (Lee et al. 2008). Slope
units are classified into landslide affected and landslide
free classes and then relative importance of each variable
is expressed by computing Standardized Discriminant
Function Coefficient (SDFC). SDFC show relative im-
portance of each variable in discriminant function as a
predictor of slope instability. Variable with high coef-
ficient are strongly associated with presence or absence
of landslide.
Several investigations for landslide susceptibility using

Discriminant Analysis have been carried out in different
parts of the world. Guzzetti et al. (2005b) applied
Discriminant Analysis for landslide susceptibility zon-
ation using 46 thematic variables in GIS environment.
Percentage of landslide area and individual independent
variable were computed for each pixel. Calvello et al.
(2013) carried out landslide susceptibility zonation for
Tammaro catchment of Southern Italy using Discrimin-
ant Analysis. They divided the region into hydrological
units based on drainage network and geology of the area
to define mapping unit. Terrain unit based classification
for LHZ was done using Discriminant function.
Lee et al. (2008) used Discriminant Analysis (DA) for

landslide hazard zonation mapping of central western
Taiwan. The results indicated that slope gradient factor
has highest coefficient and large percentage of weighting
followed by NDVI. The success rate for landslide suscep-
tibility map produced by this method was high (AUC =
0.9343). Ohlmacher and Davis (2009) prepared LHZ
map using LR and DA in GIS environment for Kanas
basin, USA. Eckhaut et al. (2009) applied DA landslide
susceptibility assessment based on different mapping
units. They compared landslide susceptibility maps pro-
duced by using multivariate approach for mapping unit
viz. grid cells (pixel), Topographical Mapping Unit
(TMU) and slope units. The study revealed that TMU
based landslide susceptibility map show larger suscep-
tible area than grid based LHZ map.
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Artificial neural network method
Landslides are governed by several preparatory and trig-
gering factors which are complexly interrelated. The in-
terrelationships between these factors and landslides are
nonlinear in nature (Ercanglu 2005). To get accurate
landslide susceptibility assessment more accurate
methods are needed. ANN is a system based on the cap-
ability to learn a particular phenomenon similar to hu-
man being. ANN has over three layers of neurons which
are connected by weights. This model use ‘Back propa-
gation learning algorithm’ which define rules for assign-
ment of weights. Weight of each variable is then
adjusted to minimize errors. Artificial Neural Network
(ANN) is a non-linear model and proved to be more ef-
fective in landslide hazard assessment (Catani et al.
2005; Ercanglu 2005; Pradhan and Lee 2009; Pradhan
and Lee 2010; Bui et al. 2012).
Ercanglu (2005) produced landslide susceptibility map

using ‘Back Propagation ANN model’ in NeuralNet module
of Idrisi Kilimanjaro for west Black Sea, Turkey. He consid-
ered six parameters (slope gradient, aspect, topographical
elevation, topographical shape, Wetness Index (WI) and
Normalized Differential Vegetation Index (NDVI) for deter-
mination of weights in training phase of ANN model. The
outcome of the model after validation indicated 82.5% cor-
rect results. Catani et al. (2005) applied ANN model to
landslide susceptibility zonation in Arno river basin of cen-
tral Italy. Landslide preparatory factor layers were overlaid
to define Unique Condition Units (UCU). The final suscep-
tibility map showed over 85% correctly recognized areas
susceptible to landslides.
Chang and Liu (2004) performed ANN model for

landslide susceptibility zonation in central Taiwan using
high resolution satellite data. They argued that ANN
method is better than Maximum Likelihood statistical
method. Pradhan and Lee (2009) found 72-81% accurate
results for landslide susceptibility in five training sites of
Penang island, Malaysia. They applied ANN model in
GIS environment. Pradhan and Lee (2010) applied this
method for landslide susceptibility assessment in
Malaysia. Bui et al. (2012) performed LHZ mapping in
Malaysia using Bayesian Regularization Neural Networks
and Levenberg Marquardt Neural Networks and found
accuracy up to 90.3% and 86.1% respectively. Hence,
ANN model can effectively be implemented in landslide
hazard assessment in GIS environment to improve land-
slide prediction capability.
Arora et al. (2004) proposed ANN black box approach

for landslide hazard zonation mapping. This approach
determines weights which remain hidden during training
stage. After training and testing of different neural net-
work archives, the best one is selected based on the ac-
curacy. They applied this model in Bhagirathi (Ganga)
valley, India.
Other multivariate techniques
Rotigliano et al. (2011) discussed the role of diagnostic
areas in landslide susceptibility zonation mapping for Si-
cilian chain of Italy. The causative factors of landslides
were combined to identify Unique Condition Units and
then diagnostic areas were selected based on landslide
types. Finally, the model was validated using prediction
and success rate curves. selection of diagnostic areas is
one of the most important steps in landslide hazard as-
sessment to which unfortunately received very less at-
tention (Rotigliano et al. 2011).
Clerici et al. (2002) applied conditional analysis method

for landslide hazard zonation mapping in GIS environment
using GRASS (Geographical Research Analysis Support
System) commands. This method was applied to map land-
slide susceptibility for Parma river basin in Italian northern
Apennines.
Multivariate approach to landslide susceptibility zonation

hs widely been used since past few years and proved to be
more objective method for assessing landslide hazards in
complex geo-environmental settings (Conoscenti et al.
2008; Eckhaut et al. 2009; Ercanglu et al. 2003; Ayalew and
Yamagishi 2005).
Application of Multi-variate statistical methods in

LHZ mapping gives more accurate results but it includes
complex calculations. These methods allow assessing
comparative contribution of each causative factor in
landslide occurrence. Therefore these methods are more
objective in assignment of weightage in LHZ mapping
procedure.
Few studies in recent times have assesed landslide suscep-

tibility using systematic and extensive dendrogeomorphic
mapping. Saez et al. (2012) have attempted to map probabil-
ity of landslide reactivation using tree-ring records for
landslide susceptibility assessment in south French Alps.
They established relationship between landslide frequency
and age structure of stand and disturbances using
dendrogeomorphic analysis.

Probabilistic approach
Probabilistic landslide hazard assessment helps to deter-
mine spatial, temporal and size probability of landslides
(Guzzetti et al. 2005b). Probabilistic methods of LHZ
mapping bring objectivity in assigning weights. In prob-
abilistic approach to landslide susceptibility zonation,
spatial distribution of landslides is compared with vari-
ous explanatory variables within probabilistic framework
(Kanungo et al. 2009). It includes Bayesian probability,
certainty factor, favorability function etc. The degree of
relationship between each thematic data layer with land-
slide distribution is transformed to a value based on
probability distribution function. This approach is quan-
titative but certain degree of subjectivity exists in weight
assignment procedure (Kanungo et al. 2009).
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Guzzetti et al. (2005b) assessed landslide hazard in the
Staffora River basin of north Apennines, Italy using
probabilistic model. They computed probability of land-
slide size, temporal and spatial probability of landslides
using frequency area distribution function. Poison prob-
ability model was applied to determine exceedance prob-
ability of landslide in each mapping unit.
Jaiswal et al. (2010a) carried out quantitative landslide

hazard assessment along transport route in Nilgiri Hills,
India. Frequency-volume statistics was performed to ob-
tain probability of landslide magnitude for different re-
turn period. The results of the study indicated that
variation in annual landslide frequency and volume are
related to amount of rainfall. Therefore, probability of
landslide size based on landslide frequency percentage
can be estimated by incorporating rainfall magnitude
data.
Das et al. (2011) assessed HSU (Homogeneous Suscep-

tibility Unit) based landslide hazards using spatial,
temporal and landslide size probabilities in Bhagirathi
river basin of north Himalaya, India. A high resolution
satellite datasets were used to define HSU for LHZ
mapping. Recently, Jaiswal et al. (2010b) attempted to
assess landslide susceptibility in Nilgiri hills, India using
spatial probability to produce hazard and risk informa-
tion for planning risk reduction measures. Further, they
also developed a landslide early warning system based
on rain fall database.
In recent times, several studies have attempted to

apply probabilistic approach for quantitative landslide
hazard zonation (Ghosh 2011; Floris and Bozzano 2008;
Das 2011; Jaiswal and Van Westen 2013; Guzzetti et al.
2006; Polemio and Sdao 1999; Chelboard et al. 2006).

Analytic hierarchy process approach
Landslide hazard assessment involves consideration of
several landslide explanatory variables. It is a critical task
to determine relative contribution of an individual par-
ameter in landslide occurrence. Therefore, the applica-
tion of Multi Criteria Decision making approach
(MCDA) is of utmost importance in LHZ mapping. The
Analytical Hierarchy Process (AHP) is a multi criteria
decision making process of measurement through pair
wise comparisons and relies on the judgements of the
experts to derive priority scales (Saaty 2008). AHP
operates at four levels viz. defining problem, determin-
ation of goals and alternatives, construction of pair wise
comparison matrix, determining weights and obtaining
overall priority. In LHZ, different landslide causative
factors are considered as alternatives. Absolute numbers
(from 1 to 9) are assigned to each landslide related
parameter based on its relative importance and compari-
son matrices are constructed to compute Consistency
Ratio (CR) and Consistency Index (CI). Akgun (2011)
compared landslide hazard maps produced by Logistic
Regression (LR), Multi Criteria Decision Approach
(MCDA) and Likelihood Ratio Method (LRM) for
Azmir, Turkey using AUC (Area Under Curvature)
method. The correlation coefficients (r) were found to
be 0.86, 0.62, 0.58 for LR*LRM, LR*MCDA and
LRM*MCDA respectively. The LRM and MCDA showed
similar results. Ayalew et al. (2005) compared LSZ maps
using LR and AHP model to assess landslide hazard.
The study revealed that if there is increase in number of
susceptibility classes, LR model gives more details than
AHP. However when these maps compared with land-
slide activity map, AHP based map performed better
than LR model. In recent times, several attempts have
been made to apply GIS based AHP to map landslide
susceptibility in various parts of the world (Mondal and
Maiti 2012; Ma et al. 2013; Kavzoglu et al. 2013).

Rainfall threshold model
Rainfall threshold for landsliding refers to minimum
intensity or duration of rainfall necessary to cause land-
slide (Varnes and IAEG 1984). Cumulative rainfall, ante-
cedent rainfall, rainfall intensity and rainfall duration are
most commonly used parameters to design rainfall
threshold. The critical rainfall threshold model (Qcr) is
based on soil properties, slope angle, upslope drainage,
wet soil bulk density and density of water. Several stud-
ies on landslide susceptibility assessment have used rain-
fall threshold model to predict landslide. The rainfall
threshold decreases with increasing seasonal accumula-
tion and become constant at 11 mm/day Gabet et al.
(2004).
Chelboard et al. (2006) applied cumulative rainfall

threshold (CT) for prediction of landslides in Seattle,
Washington, USA. The model was compared with
historical records of rainfall and landslide events. The
results indicated that CT captured over 90% of the
historical landslide events. They argued that both CT
and exceedance rainfall intensity duration threshold
must be used together for landslide prediction.
Floris and Bozzano (2008) proposed a modification in

conventional rainfall threshold model for landslide haz-
ard assessment. Based on historical records of landslide
events and rainfall, rainfall exceedence thresholds were
estimated for two complex landslides in south Apen-
nines, Italy. Chang and Chiang (2009) proposed an inte-
grated model for landslide susceptibility combining
deterministic, statistical and rainfall threshold model for
typhoon induced landslides in Taiwan. Gabet et al.
(2004) applied rainfall threshold for landslides in Nepal
Himalaya considering daily and seasonal rainfall thresh-
old for modeling. They suggested that sufficient ante-
cedent rainfall is necessary to produce positive pore
pressure and trigger landslides.
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Dahal and Hasegawa (2008) studied over 670 land-
slides occurred from 1951 to 2006 in Nepal Himalaya to
analyze rainfall threshold. Coe et al. (2004), Polemio and
Sdao (1999) have also applied rainfall threshold for land-
slide susceptibility assessment.

Physically-based landslide susceptibility models
Physically based models for landslide hazard assessment
describes physical processes leading to the landslide
event and are based on simple mechanical laws. These
models account for the transient ground water response
of slope to rainfall (Kuriakose 2010). These models do
not need long term landslide data and therefore can also
be applicable to the areas with incomplete landslide in-
ventories (Kuriakose 2010).
Salciarini et al. (2006) applied the Transient Rainfall

Infiltration and Grid based Slope Stability (TRIGRS)
model for modelling rainfall induced shallow landslides
in central Umbria region of central Italy. They have
chosen known rainfall events and past landslide records
to calibrate the model and simulations were performed.
They argued that high resolution digital elevation
models and information about spatial distribution of
physical properties of the surface are needed for better
simulation in TRIGRS model.
The real time susceptibility to shallow landslides has

been assessed by Montrasio et al. (2011) for Emilion Ap-
ennine in north Italy. They compared SLIP (shallow
Landslide Instability Prediction) and TRIGRS (Transient
Rainfall Infiltration and Grid based Slope Stability)
models of landslide susceptibility analysis in GIS (Geo-
graphical Information System) environment. The results
of the study indicates that both the models have similar
predictive capability.
Kuriakose (2010) carried out a detailed study to com-

pare four physically based models viz. SHALSTAB (Shal-
low Landsliding Stability), SINMAP (Stability INdex
MAPping), TRIGRIS and STARWAR+PROBSTAB (Stor-
age and Redistribution of Water on Agricultural and
Revegetated Slope + PROBability of STABility) models
in Western Ghats of Kerala, India. The study revealed
that STARWAR+PROBSTAB model is the most suitable
model for assessment of spatio-temporal probabilities of
shallow landslides.
Recently, the High Resolution Slope Stability Simulator

(HIRESSS) model was used to predict landslides based
on hydrological parameters (Mercogliano et al. 2013).
The study also incorporated Global Circulation Model
for analysis of rainfall parameters.

Application of RS and GIS in LHZ
Extraction of relevant spatial information related to land-
slide occurrence is an integral part of hazard assessment.
Remotely Sensed (RS) data combined with Geographical
Information System (GIS) are proved to be effective tools
for generating and processing spatial information. The ad-
vancement in earth Observation (EO) techniques facilitate
effective landslide detection, mapping, monitoring and haz-
ard analysis (Tofani et al. 2013).
The review of few studies on landslide hazard assess-

ment using RS data indicate that aerial photographs are
widely used in landslide detection and mapping (Galli
et al. 2008; Guzzetti et al. 2003; Yeon et al. 2010;
Rotigliano et al. 2011; Guzzetti et al. 2005a; Rowbotham
and Dudycha 1998; Pradhan and Lee 2009; Panikkar and
Subramaniyan 1997; Miller and Burnett 2007; Ayalew
and Yamagishi 2005; Chau et al. 2004; Clerici et al.
2002). Good quality aerial photographs help in accurate
landslide detection and mapping. However, aerial photo-
graphs may not be used in continuous landslide moni-
toring, since it does not prove repetitive coverage of the
same area.
The recent developments in the application of satellite

RS data in landslide studies in Europe has been
discussed by Tofani et al. (2013). The study showed that
over 70% of the total applications of RS data for land-
slide studies are owned by landslide detection, mapping
and monitoring. High resolution satellite data are being
effectively used for landslide detection, mapping, moni-
toring and other applications (Gomez et al. 2000; Saraf
et al. 2009; Akbar and Ha 2011; Naithani 2007;
Nagarajan et al. 2000; Ma et al. 2013; Mondal and Maiti
2012; Balsubramani and Kumaraswamy 2013 and Chand
2008).
Use of Digital Elevation Model (DEM) is of immense

importance in landslide hazard assessment. Several the-
matic data layers such as slope angle, slope aspect,
curvature, lineaments, drainage, ridges etc. can be
extracted from DEM with good resolution. Landslide
hazard zonation studies in recent times have used DEM
with high resolution to generate spatial information data
layers related to landslide hazards (Gomez et al. Saraf
et al. 2009; Dahl et al. 2010; Yeon et al. 2010; Akbar and
Ha 2011; Naithani 2007; Jaiswal et al. 2010b; Rotigliano
et al. 2011; Nagarajan et al. 2000; Guzzetti et al. 2005b;
Rowbotham and Dudycha 1998; Barla et al. 2010; Leroi
1996; Miller and Burnett 2007; Ma et al. 2013; Ayalew
and Yamagishi 2005; Balsubramani and Kumaraswamy
2013; Ghosh et al. 2009; Calvello et al. 2013; Tolga et al.
2005; Clerici et al. 2002; Coe et al. 2004; Jelinek and
Wagner 2007; Chand 2008; Ruff and Czurda 2008). Few
studies also used radar techniques (e.g. DInSAR,
PSInSAR) for landslide hazard assessment (Barla et al.
2010; Catani et al. 2005).
Geographical Information System is widely used in

landslide hazard assessment especially for generation of
thematic data layers, computation of different indices,
assignment of weights, data integration and generation



Pardeshi et al. SpringerPlus 2013, 2:523 Page 9 of 11
http://www.springerplus.com/content/2/1/523
of LSZ maps. Several LSZ methods such as ANN, Deci-
sion Tree model, Weighted Overlay, AHP, MCDA, IVM
and physically based landslide hazard models are GIS
based models to predict landslide probability (Chang
and Liu 2004; Saraf et al. 2009; Yeon et al. 2010; Pradhan
and Lee 2009; Kavzoglu et al. 2013; Akgun 2011; Ayalew
et al. 2005; Mondal and Maiti 2012; Ma et al. 2013).
Conclusions
Landslide hazard zonation is a critical task in landslide
management process. Landslides are influenced by several
preparatory and triggering factors which vary significantly
from region to region. It is therefore difficult to determine
weights for given parameter. The assignment weights based
on relative importance of landslide causative factors is de-
termined by several LHZ methods differently. Heuristic
and semi quantitative techniques involve subjectivity in
assigning of weights therefore validity of these maps cannot
be assessed. Quantitative methods on the other hand, pro-
vide objective methods for determining weights for a given
parameter based on their relationships with landslide oc-
currence. Multi-criteria decision approach provides tools to
determine weights based on pair wise comparison. Applica-
tion of Remote Sensing and Geographical Information Sys-
tem is of immense importance for effective landslide
hazard assessment. High resolution satellite data combined
with powerful GIS techniques have improved the level of
accuracy of LHZ maps in recent times.
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