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Abstract: 

Landslides are common geological phenomenon 
witnessed in hilly areas and are one of the major 
disasters commonly experienced all over the world. In 
India, around 15 percent of the mountainous area is 
susceptible to landslide. The frequency and 
magnitude of landslide occurrence has increased due 
to anthropogenic activities in the hilly region. This has 
resulted in massive damage to property and 
infrastructure, besides loss of human lives. On 30th 
July 2014, a landslide occurred at Malin village, Pune 
district, Maharashtra which resulted in loss of life and 
infrastructure. In order to reduce the risk from 
potential landslide, there is a need to generate a 
Landslide Susceptibility Zonation (LSZ) map of the 
area for an effective and efficient disaster 
management. To obtain LSZ map of Malin watershed 
relevant thematic layers pertaining to the causative 
factors for landslide occurrences, such as slope, 
aspect, drainage, lineaments, soil and road, have 
been generated using field survey, ancillary data, 
satellite imagery and Geographical Information 
System (GIS) techniques. The quantitative 
relationship between landslides and causal factors 
has been established using Frequency Ratio (FR) 
method and Certainty Factor (CF). The relative 
importance of the various causal factors has been 
evaluated using Frequency Ratio (FR) method and 
Certainty Factor (CF) model and a LSZ map has been 
generated. The accuracy of the generated LSZ map 
has been evaluated to ascertain the landslide 
prediction accuracy. 
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Introduction  
 

Landslides related studies have gathered global attention mainly due to increased landslide occurrence and its 
socio-economic impact due to rampant urbanization on the fragile mountain environment. On 30th July 2014, 
a landslide took place at Malin village, Ambegaon Taluka of Pune district, Maharastra, India. The landslide got 
triggered in the early morning while residents were asleep wiping out the entire village. More than 150 lives 
were lost and about 40 houses got were buried under the debris flow (The Hindu, 2014). 
 

In order to predict occurrence of landslide and suggest its mitigation there is a need to have a landslide 
susceptibility map of the area. Landslide susceptibility may be defined as the probability of the occurrence of a 
landslide based on the relationship between the occurrence distribution and a set of predisposing factors, i.e. 
geo-environmental thematic variables in the area (Brabb 1984; Kundu et al. 2011). Landslide susceptibility 
mapping involves collating, handling, processing and interpreting a large amount of geographical data 
preferably in a GIS environment. Various statistical methods have been applied across the globe for landslide 
susceptibility assessment during the past couple of decades. In the present research, a remote sensing and 
Geographic Information System (GIS) based study has been carried out for landslide susceptibility zonation 
(LSZ) in the Malin watershed using bivariate statistical methods namely Frequency ratio and Certainty Factor. 
Finally, the generated LSZ map of the study area is analysed and its performance is discussed. 
 

Study Area 
 

The study has been carried out in the Malin watershed which is a tributary of Ghod river in Maharastra, India. 
The study area is bounded between latitudes 19°09’13”N and 19°11’40”N and longitudes 73°41’04”E and 
73°43’40”E and lies in Pune District; Maharastra. The study area falls on the Survey of India (SOI) Toposheet 
number 47 E 12 (scale 1:50,000). The Malin watershed covers an area of 14.4 Km2, with elevations ranging 
from 735 m to 1260 m above mean sea level. The study area is located in the ranges of Sahyadri Mountains, 
Western Ghats. Location map of the study area is shown in Figure 1. The topology of the area has been 
characterized by mountain, terraces and flood plains. 
 

Spatial database preparation using GIS and Remote Sensing 
 

To generate LSZ map of an area, it is necessary to identify and map both the landslide causal factors and 
landslide locations. In the present study, a landslides incidence map has been prepared based on 
interpretation of the satellite imageries and previous studies conducted on the area (Saha et al., 2005). In 
addition, field work has been carried out to map recent landslides. A total of 103 landslides were mapped in 
the area. The landslide causal factors considered in the present study are chosen based on field investigations 
and similar studies carried earlier in Western Ghat. The factors which are considered to have contributions in 
initiation of landsliding process are namely, slope gradient, slope aspect, drainage density, distance to 
drainage, soil, lineaments density, distance to lineaments and distance to road. The generated thematic layers 
of all the considered casual factors and landslide locations are shown in Fig 2. 
 

Generation of various thematic layers 
 

Digital Elevation Model (DEM), which represents the land surface terrain of the area, has been generated with 
a 20 m grid from the digitized 20 m interval contours of 1:50,000-scale Survey of India topographic map sheet 
number 47 E 12 using Triangulated Irregular Network (TIN) module of 3D Analyst tool extension on ArcGIS 
10.0. Using this DEM, the two topographic parameters, slope gradient map and slope aspect map were 
automatically derived and classified into classes as shown in Table 1.  
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Fig: 1 – Study area location map and demarcated Malin watershed on satellite image. 

 
The drainage network was extracted by using the ‘HYDROLOGY’ tool of the ArcGIS 10.0 software from the 
DEM and was refined using vector layer of drainage map of SOI topographic map and further augmented with 
satellite imagery. The drainage density map and distance to drainage was computed considering a 20 m grid 
cell and classified into classes as listed in Table 1. 
 
Lineaments were traced based on lineament map available on BHUVAN and further improved by visual 
interpretation of satellite imagery. The produced lineaments map has been used to compute the lineaments 
density map and distance to lineament map and were classified into various classes mentioned at Table 1. 
  
The soil depth is one of the key factors responsible for initiation of landslides. More the depth of soil, more 
chances of landslide occurrence if other factors are conducive. Depending on the depth of soil noticed in the 
study area it has been broadly classified into four classes as given in Table 1. 
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Table 1: Frequency Ratio and Certainty Factor of all the considered landslide causal factors. 
   

FACTOR 
 

CLASS 
 

TOTAL 
NUMBER 
OF PIXELS 

IN THE 
CLASS 

CLASS 
% 

NUMBER OF 
LANDSLIDE 

PIXEL                    
WITHIN THE 

CLASS 

LANDSLIDE 
% 

FR PPa PPs CF 

Slope 0-5 4242 11.80 0 0.00 0.00 0 0.01252 -1.00 

 05-10.0 4959 13.80 4 0.89 0.06 0.000807 0.01252 -0.94 
 10-20.0 14605 40.63 123 27.33 0.67 0.008422 0.01252 -0.33 

 20-30 10037 27.93 241 53.56 1.92 0.024011 0.01252 0.48 
 >30 2099 5.84 82 18.22 3.12 0.039066 0.01252 0.69 

           Aspect N 1673 4.65 0 0.00 0.00 0 0.01252 -1 

 NE 2933 8.16 0 0.00 0.00 0 0.01252 -1 
 E 1324 3.68 0 0.00 0.00 0 0.01252 -1 

 SE 3073 8.55 63 14.00 1.64 0.020501 0.01252 0.4 
 S 5567 15.49 50 11.11 0.72 0.008981 0.01252 -0.29 

 SW 5144 14.31 18 4.00 0.28 0.003499 0.01252 -0.72 

 W 5127 14.26 81 18.00 1.26 0.015799 0.01252 0.21 

 NW 5227 14.54 138 30.67 2.11 0.026401 0.01252 0.53 

 Flat 5874 16.34 100 22.22 1.36 0.017024 0.01252 0.27 

          Soil Depth Very shallow  
(< 10 cm) 

25949 72.20 393 87.33 1.21 0.015145 0.01252 0.18 

 shallow  
(10-100 cm) 

7380 20.53 44 9.78 0.48 0.005962 0.01252 -0.53 

 Deep 
 (> 100 cm) 

2151 5.98 13 2.89 0.48 0.006044 0.01252 -0.52 

 Habitation 
Mask 

462 1.29 0 0.00 0.00 0 0.01252 -1 

          Drainage 
Distance 

0-50 m 9892 27.52 29 6.44 0.23 0.002932 0.01252 -0.77 

 50-100 m 8666 24.11 103 22.89 0.95 0.011886 0.01252 -0.05 

 100-150 m 6029 16.77 117 26.00 1.55 0.019406 0.01252 0.36 

 150-250 m 8175 22.74 161 35.78 1.57 0.019694 0.01252 0.37 

 >250 m 3180 8.85 40 8.89 1.00 0.012579 0.01252 0.00 

          
Drainage 
Density 

0-1 Km/Km2 13345 37.13 253 56.22 1.51 0.018958 0.01252 0.34 

 1-2 Km/Km2 2118 5.89 33 7.33 1.24 0.015581 0.01252 0.20 

 2-4 Km/Km2 9686 26.95 107 23.78 0.88 0.011047 0.01252 -0.11 
 >4 Km/Km2 10793 30.03 57 12.67 0.42 0.005281 0.01252 -0.58 

          
Distance to 
Road 

0-50 m 5715 15.90 77 17.11 1.08 0.013473 0.01252 0.07 

 50-100 m 4501 12.52 53 11.78 0.94 0.011775 0.01252 -0.06 
 100-200 m 6512 18.12 115 25.56 1.41 0.01766 0.01252 0.29 

 200-500 m 11679 32.49 98 21.78 0.67 0.008391 0.01252 -0.33 

 >500 m 7535 20.96 107 23.78 1.13 0.0142 0.01252 0.12 
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Lineament 
Dstance 

0-100 m 3994 11.11 88 19.56 1.76 0.022033 0.01252 0.44 

 100-200 m 5269 14.66 77 17.11 1.17 0.014614 0.01252 0.15 

 200-300 m 5362 14.92 36 8.00 0.54 0.006714 0.01252 -0.46 

 300-500 m 8573 23.85 80 17.78 0.75 0.009332 0.01252 -0.25 

 500-700 m 6359 17.69 48 10.67 0.60 0.007548 0.01252 -0.4 
 700-900 m 3902 10.86 106 23.56 2.17 0.027166 0.01252 0.55 

 900-1100 m 1502 4.18 13 2.89 0.69 0.008655 0.01252 -0.31 

 >1100 m 981 2.73 2 0.44 0.16 0.002039 0.01252 -0.83 
          
Lineament 
Density 

0-1 Km/Km2 30636 85.24 393 87.33 1.02 0.012828 0.01252 0.02 

 1-2 Km/Km2 3226 8.98 36 8.00 0.89 0.011159 0.01252 -0.11 

 >2 Km/Km2 2080 5.79 21 4.67 0.81 0.010096 0.01252 -0.2 

 
The road network map has been prepared from the SOI Toposheet and updated with satellite Imagery. In 
order to produce the map showing the distance to roads, the road segment map was rasterised and the 
distance to these roads were calculated in meters using a 20 m grid and each cell has been assigned a value, 
which is the distance to the nearest road segment. 
 
All vector layers were converted into raster by vector-to-raster conversion tool in ARCGIS 10.0 and the pixel 
size was restricted to 20 m by 20 m. All data generated from various sources (SOI Toposheet, satellite 
imageries etc) pertaining to causal factors used in statistical modelling were made compatible. This was 
achieved by restricting the grid size of all the input parameters to 20 m. Thematic spatial information was 
managed with GIS applications as a basic tool.  

 
Landslide Susceptibility Assessment using Frequency Ratio model:  
 
Frequency Ratio (FR) is a statistical based approach that has been applied to evaluate landslide susceptibility in 
the present study. The main principle of this method is based on assessment of observed spatial relationship 
between past landslides and a set of landslide causal factors. FR is carried out based on the frequency ratio 
values that are a ratio of the probability of present and absence of landslide occurrences for each landslide 
causal factor class. Higher FR value indicates stronger observed spatial relationship between the landslide 
occurrence and landslide causal factor (Ram Mohan et al., 2011; Mezughi et al., 2011). FR values are 
calculated by applying the following equation: 

   

L

Lpix

i

pix

i

N
N

N
N

FR        ------- (1) 

Where, pix

iN  is the number of pixels in each landslide causal factor class, N is the number of all pixels in total 

the study area. Lpix

iN  is the number of landslide pixels in each landslide causal factor class, NL is the number of 

all landslide pixels in total the study area. 
 
The obtained ratio values using FR were assigned as weight values to the classes of each factor map to 
produce weighted factor thematic maps, which were overlaid and numerically using Weighted Sum tool of 
Spatial Analyst tool to produce the Landslide Susceptibility Index (LSI) map using Eq. 2: 
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Fig 2: Landslide locations on DEM of the study area and thematic data layers of landslide causal factors. 
 

  LSI =Wm1+Wm2+Wm3+……+Wmn, ------- (2) 
Where: LSI = Landslide susceptibility index 

Wm = Weighted thematic maps of causative factors 
The calculated values of FR for each pixel in the LSI indicate the relative susceptibility to landslide occurrence 
(Ram Mohan et al.,  2011). The higher pixels values of LSI are having higher susceptibility to landslides and the 
lower pixels values are having lower susceptibility. In this study, the calculated LSI values ranges between 3.05 
– 13.85, which were classified into five classes of susceptibility for visual and easy interpretation (Fig. 2). The 
percentages of landslide susceptibility classes and the landslide occurrence in each class are shown in Table 2. 
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Landslide Susceptibility Assessment using Certainty Factor model:  
 

The certainty factor approach is also a statistical method. Certainty factor is calculated for each data layer 
based on the landslide inventory and the landslide occurrence frequency in each class of every thematic layer. 
The certainty factor for each pixel is defined as the change in certainty that a proposition is true from without 
the evidence (prior probability of having landslide in the study area) to be given the evidence (conditional 
probability of having a landslide given a certain class of a thematic layer) for each data layer (Lan et al. 2004, 
Kanungo et al. 2011, Evangelin et al. 2012). The certainty factor as a function of probability was originally 
proposed by Shortliffe and Buchanan (1975) and modified by Heckerman (1986) is: 

 

 

PPsPPaif
)PPA(PPs

PPsPPa

PPsPPaif
)PPs(PPa

PPsPPa

CF













1

1
  

 
Where, CF is the certainty factor, PPa is the conditional probability of having a number of landslides in a class 
‘a’ and PPs is the prior probability of having the total number of landslides in the study area ‘A’. 
 

The certainty factor ranges between −1 and 1, positive values imply an increase in certainty, after the evidence 
of landslide is observed, and negative values correspond to a decrease in certainty. A value close to 0 indicates 
that the prior probability is very similar to the conditional probability (Evangelin et al. 2012). It does not give 
any indication about the certainty of the occurrence of the event. The certainty factor values for each class of 
the selected factors are shown in Table 1. The landslide susceptibility map has been generated (Fig 3) by using 
the CF values for considered factors by using weighted overlay tool in ARCGIS. 

 
   

 
 

Fig 3: Landslide Susceptibility Zonation map of Malin watershed using FR method and CF method. 
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Results, Validation and discussions 
 

The landslide susceptibility maps generated using FR and CF methods has been reclassified into susceptibility 
classes, namely very low (the lowest susceptibility), Low, moderate, high, and very high (the highest class) 
susceptibility (Fig 3). Dividing these values into susceptibility classes was not easy as there are no statistical 
rules which can guide the categorizing of continuous data automatically. In the present study, the cumulative 
frequency curve of susceptibility index values has been segmented using natural break method available in 
ARCGIS. The features are divided into classes whose boundaries are set where there are relatively big jumps in 
the data values (Kundu et al., 2011). 
 
 

Table 2 : Comparison of landslide susceptibility classes generated by FR and CF method. 
 

Method 
applied 

Landslide 
susceptibility 
zones 

Total 
number 
of pixel 

Percentage  of 
area predicted 
zones  

Total number 
of landslide 
pixel 

Percentage area of 
observed landslide in 
each zone  

FR Method 

Very High 4044 11.25 247 
 

54.89 

High 8369 23.28 112 
 

24.89 
 Moderate 10047 27.95 62 

 
13.78 

 Low 9429 26.23 27 6.0 
 Very Low 4053 11.29 2 0.44 
 

CF Method 

Very High 6507 18.10 298 66.22 

High 9159 25.48 94 20.89 

Moderate 9223 25.66 42 9.33 

Low 7963 22.16 16 3.56 

Very Low 3090 8.60 0 0 
 
 

         
 

Fig 4: Comparison of success rate curve based on LSZ map generated using FR method and CF method. 
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Based on the result of FR based landslide susceptibility map, 11.25 % of the total area shows Very high 
landslide susceptibility. High, Moderate, Low and Very Low susceptible zones make up 23.28 %, 27.95 %, 26.23 
% and 11.27 % of the total area, respectively (Table 2). Similarly, in the landslide susceptibility map generated 
using CF method, 18.10% of total area shows Very high landslide susceptibility. High, Moderate, Low and Very 
Low susceptible zones make up 25.48%, 25.66%, 22.15% and 8.59% of the total area, respectively (Table 2).  
 
The LSZ map prepared using FR is verified and the fact that more than 79.78% of the slides have taken place in 
High and Very High Susceptibility classes shows that the adopted methodology is sound. Similarly, the LSZ map 
prepared using CF is corroborated by the fact that more than 87.11% of the slides in the study area has taken 
place in High and Very High Susceptibility classes In general, the LSZ map showed good agreement with the 
historical landslide data and fundamental theories of slope stability. 
 
The landslide susceptibility analysis result has been validated using the success rate curve (Chung and Febri, 
1999.). Based on the given LSZ map, the cumulative percentage of landslide occurrences in various 
susceptibility classes ordered from highly susceptible to non susceptible has been plotted against the 
cumulative percentage of the area of the susceptibility  classes. The success area curve for the FR and CF 
method are shown in Fig 4. CF method is slightly better than FR method based on the success rate curve.  

 
Conclusion 
 

GIS is an effective tool that is used commonly in landslide susceptibility mapping to identify the potential 
landslide-prone areas, by applying different models and approaches. The study demonstrates the application 
of statistical based modelling for landslide susceptibility mapping in part of Western Ghats, which is prone to 
frequent occurrence of landslides. The potential of remote sensing and GIS has been exploited in database 
preparation and at integration stages. The local authorities can make use of this data for disaster 
preparedness and implement mitigation techniques. These landslide susceptibility maps can be used by 
district administration, decision makers and land use planners and engineers to decrease losses caused by 
current and also future landslides. The research solely considered facial facets of landslide susceptibility, so 
temporal discordance was not of major concern.  
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