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Abstract 30 

Digital elevation model (DEM) represents the topography of the area in terms of the spatial 31 

differences in the elevation. Topographic input parameters such as slope, curvature, and 32 

drainage area are derived from the DEM and are widely used as important sources of geospatial 33 

information. Based on the chosen DEM and its derived derived paramters, physically based 34 

GIS models, such as TRIGRS, can compute the transient degradation of the hillslope stability 35 

due to rainfall infiltration to identify the landslide occurrences in the considered region. Hence, 36 

it is inadvertent that the accuracy of the DEM will significantly affect the outcome of the 37 

TRIGRS simulations. Obtaining a high-resolution DEM (using LiDAR, dGPS or other such 38 

ground based advanced surveying methods) for a large area is a significantly expensive affair 39 

and unavailable in most cases. Hence, under such circumstances, DEMs available in public 40 

domain vis., CartoDEM, ALOS-AW3D30-DEM, SRTM-DEM, and ASTER-GDEM, serves to 41 

be the sole option. Each of these DEMs are of different resolution and are found to pose 42 

influence on the outcomes on their usage to variety of problems. Though a few literatures can 43 

be found addressing the effect of the resolution of specific DEMs, however the influence of 44 

DEMs of varying resolution chosen for TRIGRS simulation were not adequately reported. 45 

Considering the landslide scenario of Guwahati city as the study region, the effect of 46 

dissimilarity in DEMs on the prediction of the rainfall-induced landslides in the hillslopes of 47 

the study area is reported in this paper. Three rainfall events triggering landslides were 48 
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considered as input into TRIGRS, and the simulation outcome of the different DEMs were 49 

compared with reported landslide locations. Significantly different outputs were obtained for 50 

the DEMs highlighting the importance of the analysis. Based on two different evaluation 51 

methodologies, i.e. the ROC and LRclass, landslide occurrences identified by ALOS-3D DEM 52 

provided the best agreements with the reported landslides, followed by those identified by 53 

Carto-DEMs. 54 

 55 

Keywords: Digital elevation models; Rainfall-induced landslides; TRIGRS; Receiver 56 

Operating Characteristics; LRclass; Rainfall events.  57 

 58 

1.0 Introduction  59 

Physically based models along with Geographic Information System (GIS) have offered 60 

methodologies to quantify landslide susceptibility and landslide hazard. GIS-based analytical 61 

models, which account for the in-situ conditions and mechanical properties of the soil medium, 62 

are successful in presenting a geotechnical perspective to the subject. TRIGRS (Transient 63 

Rainfall Infiltration and Grid based Regional Slope-stability) is one of the several physically 64 

based models that is capable of computing the transient pore-pressure changes and the 65 

corresponding variations in the factor of safety of a hillslope due to rainfall infiltration (Savage 66 

et al., 2004; Baum et al., 2008). Several researchers have successfully applied TRIGRS to 67 

evaluate the landslide susceptibility of specific study areas (Salciarini et al., 2006; Sorbino et 68 

al., 2010; Saadatkhah et al., 2015; Schilirò et al., 2015). 69 

 70 

The available literature highlights that the primary input for any such GIS-based quantification 71 

approaches is the Digital Elevation Model (DEM). DEM represents the regional topography, 72 
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which is subsequently used to derive all other input parameters including the slope or curvature 73 

maps and the drainage pattern of the study area. A high-precision DEM is desirable to achieve 74 

a reliable prediction of landslides, although developing such an ultra-high precise DEM for a 75 

region, using LiDAR, dGPS or other such ground based advanced surveying methods, incurs 76 

significant expense and might not be available for all regions. Hence, it is imperative to take 77 

resort to the DEMs available in the public domain, which may not satisfy the level of resolution 78 

desired for a study. A satisfactory representation of the regional topography, by the chosen 79 

DEM, is of paramount importance to derive meaningful outcomes. Researchers have compared 80 

the results of the susceptibility analysis of landslides obtained with DEMs of varying 81 

resolution, ranging from a very fine resolution of 5 m to as coarse as 200 m (Vaze et al., 2010; 82 

Cama et al., 2016; Mahalingam and Olsen, 2016; Viet et al., 2017). It was pointed out that very 83 

high resolution DEMs may contain artefacts due to layout and shadow effects, which pose 84 

difficulties in the analysis of the terrain, and may not provide a better output in comparison to 85 

lower resolution DEMs (Vaze et al., 2010; Mahalingam and Olsen, 2016). There are instances 86 

where 20-30 m resolution DEMs provided better landslides susceptibility mapping than their 87 

finer counterparts (Cama et al., 2016).  It was concluded that the appropriate grid size selection 88 

of DEM is dependent on the area of study region (i.e. the scale of analysis), user requirement, 89 

the geomorphology and topography characteristics of the study region, and, most importantly, 90 

the data availability. The source of the data-sets used to develop and process a DEM is an 91 

important consideration and has significant influence on the accuracy of a landslide 92 

susceptibility analysis (Lombardo et al., 2016). Researches shown similar outcomes of 93 

landslide occurrences deciphered with the aid of 5, 10 and 30 m resolution DEMs, and 94 

concluded that DEMs with resolution with 30m can generally be considered appropriate for 95 

landslide analysis (Li and Zhou, 2003; Claessens et al., 2005). Purinton and Bookhagen (2017) 96 

compared various DEMs over geomorphic parameters (such as elevation, channel profile, slope 97 
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angles, relative relief and curvature, and upslope and downslope drainage area). It was 98 

concluded that deviations exist among the various DEMs, but despite their limitation, such data 99 

sources are very cost effective and should be used frequently for geohazard analysis. However, 100 

the researchers also stated to exercise caution when using such satellite based DEMs.  101 

 102 

Jain et al. (2018) reported about the evaluation of the relative accuracy of the chosen DEMs 103 

along with their corresponding advantages and disadvantages for different geographical classes 104 

or features. Achieving a desired precision from a chosen satellite databased DEM becomes 105 

even more difficult when the hilly terrain is substantially undulating and tortuous, thereby 106 

resulting in frequently changing gradient, thus making it challenging to obtain a satisfactory 107 

representation of the topography (Jain et al., 2018). The hilly terrains of Guwahati city are 108 

extremely tortuous and undulating, therefore, calls for a thorough study about the influence of 109 

DEM on the landslide susceptibility in the study area. There are a few publicly available DEM 110 

for the study area, namely Indian Space Research Organisation (ISRO) CartoSat-DEM, 111 

Advanced Land Observing Satellite (ALOS) AW3D30-DEM (ALOS-3D), Shuttle Radar 112 

Topography Mission (SRTM-DEM), and the Advanced Space Borne Thermal Emission and 113 

Reflection Radiometer- Global DEM (ASTER-GDEM). This article reports the utilization of 114 

these available DEMs and assess their suitability in predicting rainfall-induced landslide 115 

scenarios of the Guwahati region. This study is not a direct assessment of the accuracy of the 116 

DEMs, but addresses their effect on the landslide susceptibility prediction with the application 117 

of the physically based model, TRIGRS. The concept note of this study can be used to assess 118 

the utilization and assessing the suitability of DEMs for rainfall-induced landslide 119 

susceptibility prediction anywhere around the world, especially for the cases where ultra-high 120 

precision DEM is unavailable.   121 

 122 
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2.0 Study Area and Landslide Occurrences 123 

The city of Guwahati is located within the North-East region of India, approximately between 124 

the latitudes 91°33' E and 91°52'6'' E, and longitudes 26°4'45'' N and 26°14' N, covering an 125 

approximate area of 328 sq. km spreading across both the banks of River Brahmaputra. The 126 

region has a subtropical climate, with hot humid summers, severe monsoons, and mild winters. 127 

The study area is surrounded by the Himalayas to the north and east, and the Meghalaya plateau 128 

to the south. Moist monsoon winds, originating from the Bay of Bengal, move northeast and 129 

further pushed upwards by the mountains, leads to heavy precipitation on these slopes. Some 130 

parts of the region, surrounding the study area, are regarded as the rainiest region in the world 131 

(Jain et al., 2013). The study area falls within a high seismicity region and is severely subjected 132 

to tectonic shearing, due to which the regional rocks exhibit extensively developed cracks, 133 

fractures, fissures and foliation (Maswood and Goswami, 1974; Maswood, 1982).  134 

 135 

The three prominently observable geomorphological features of the study area comprise the 136 

eight residual hill  series, the lowïlying alluvial plains and the marshy wetlands (Fig. 1). All the 137 

hill -series are identified to be prone to rainfall-induced landslides, and has been a subject of 138 

study to the local authorities in terms of analysis and mitigation. The lowïlying plains have an 139 

altitude of 50 ï 55 m above the mean sea level, while the speckled hills rise from the plains to 140 

maximum altitude of approximately 300 m. The lithology map of the study area exists only for 141 

a scale of 1:50000 (Phukon et al. 2012). The entire floodplain is shown as alluvial deposit, 142 

while the hills are marked as Precambrian Graniteïgneisses complex capped with residual soil 143 

formed by weathering of the in-situ rock. Since a map showing detailed lithology of the hills 144 

is not available, the study assumes similar lithology over the study area as is presented in the 145 

available 1:50000 scale lithology map. As the present study investigates only shallow 146 

landslides, the available uniform lithology in the study area is considered to be sufficient. The 147 
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hillslope angles vary from gentle gradients to as steep as 60°. The morphology of the hillslopes 148 

is a creation of weathering, erosion and landslides caused by the climatic factors, thereby highly 149 

undulating. Thick residual soil formation (up to depth of 30 m) can be observed in zones of 150 

well-drained regions. Varying thicknesses of overburden are encountered in zones of moderate 151 

to imperfectly drained regions. Exposed basal rock, formation of etchforms and inselbergs, due 152 

to erosion in zones of poor drainage, are also observed from the geomorphology of the area 153 

(Maswood and Goswami, 1974; Maswood, 1982; Das and Saikia, 2010). 154 

 155 

 156 

Figure 1: The major hill series within and near Guwahati city: (1) Nabagraha-Sunsali-157 

Noonmati hill series, (2) Japorigog hill, (3) Sonaighuli and Jutikuchi hill series, (4) 158 

Narakashur hill, (5) Nilachal hill, (6) Fatasil hill, (7) Jalukbari hill, (8) Khanapara hill, 159 

(9) Agyathuri hills  160 
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Over the years, several landslide occurrences in the hillslopes of Guwahati city area have been 161 

reported in literature (Goswami and Singh, 2008; Goswami, 2013; Bhusan et al., 2014). Several 162 

landslides were recognized to have occurred in hills of the study area, and also across the north-163 

eastern region of India, in the years 1998 and 2004 (ASDMA, 2011).  Apart from the landslides 164 

reported in research articles, there have been other occurrences of landslides reported in the 165 

local dailies and news media (NENow 15 June 2018; The Sentinel 11 July 2019, 17 July 2019; 166 

Gplus 28 August 2018, 10 July 2019). Landslides in the region are rain triggered, and can be 167 

inferred to be óEarth slidesô (Abramson et al., 2002) and are initiated as sudden shallow 168 

translational movement. Though the landslides in this region involve relatively lesser volumes 169 

of soil, but their widespread occurrence, catastrophic characteristics and their proximity to 170 

urbanized areas cause significant damage to infrastructure and loss of lives (ASDMA, 2011). 171 

However, an extensive inventory of mapped landslides does not exist for the study area, and 172 

many of the reported landslide occurrences lacks the vital information of the precise 173 

geographical location in terms of the latitude and longitude.  174 

 175 

In the early morning hours of 26th June 2012, landslide occurrences were reported in the 176 

hillslopes of Guwahati city along with the death of four persons in two separate landslide 177 

events. Following the events, a Rapid Visual Reconnaissance (RVS) of the landslide areas was 178 

conducted. The hills were visited with a GPS instrument and the latitude-longitude coordinate 179 

of the landslide prone areas were collected and presented in the form of an official report 180 

(Goswami, 2013). It is the only document available, with landslide locations in the Guwahati 181 

hill slopes, in the form of geographic coordinates that can therefore be used for comparative 182 

evaluation of the simulation outcomes. The landslide locations demarcated in the report were 183 

revisited in-situ and 347 locations (GPS Lat-Long coordinates) were considered for the present 184 

study. These locations, henceforth, these RVS-points will be referred as ólandslide pointsô in 185 
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the remaining sections. For comparative analysis of the simulation results, the landslide-points 186 

are overlaid on the factor-of-safety (FoS) maps generated from TRIGRS simulations. 187 

3.0 TRIGRS Model 188 

TRIGRS (Transient Rainfall Infiltration and Grid-based Regional Slope-stability) is a 189 

FORTRAN code based model, developed for evaluating the transient pore pressure response 190 

to rainfall infiltration. TRIGRS can simulate the temporal and spatial distribution of shallow, 191 

rainfall-induced landslides, expressed in terms of the decrease in factor of safety (Baum et al., 192 

2008). Complex rainfall histories with varying intensity and duration can be implemented as 193 

time step function and can be analysed only over a horizontally varying geology. TRIGRS uses 194 

a simple infinite-slope model to compute the factor of safety (FoS) on a cell-by-cell basis in a 195 

gridded network. Considering different rainfall scenarios, the FoS is calculated based on the 196 

transient pore pressure head (obtained from one-dimensional, vertical isotropic flow through 197 

homogeneous materials in saturated or unsaturated conditions) that provides the closest 198 

possible approximation of potential instability under the impact of rainfall infiltration (Baum 199 

et al., 2008). To account for the soil shear strength in the unsaturated zones, TRIGRS applies 200 

extended MohrïCoulomb failure criterion based on Bishopôs (1959) effective stress 201 

expression. The effective stress parameter is approximated according to Vanapalli and 202 

Fredlund (2000), corresponding to the soil-suction obtained from the soil-water characteristic 203 

curve (SWCC), as described by the Gardner (1958) SWCC model. Iversionôs (2000) infiltration 204 

model is modified by eapplying the solution given by Srivastava and Yeh (1991), and the same 205 

is used to address the infiltration into unsaturated surface soil layers. The infiltration process is 206 

approximated as one-dimensional vertical flow, i.e., each cell of the grid can be considered as 207 

a soil column where infiltration occurs only in the vertically downward direction. A simple 208 

runoff routing process is applied to drain excess surface water to adjacent downslope cells. The 209 

excess water can infiltrate into the cell or flow further downslope. A limitation of the TRIGRS 210 



10 
 

models is that the vertical stratification of different soil layers cannot be taken into account 211 

(Baum et al., 2008). 212 

4.0 Digital Elevation Model (DEM) 213 

As already stated, various DEMs available in public domain are chosen for the study region, 214 

and the same are listed in Table 1. Few of the earlier researchers have assessed the accuracy of 215 

the chosen DEMs on a comparative basis. Alganci et al. (2018) compared the AW3D30-DEM 216 

(1 Arc Sec), SRTM-DEM (1 Arc Sec), and ASTER-GDEM (1 Arc Sec) with very high 217 

resolution DEMs generated from tri-stereo images from the SPOT 6 satellite. Santillan and 218 

Makinano-Santillana (2016) compared the above mentioned DEMs with 274 ground control 219 

points scattered over various sites in north-eastern Mindanao, Philippines. The researchers 220 

concluded that the accuracies of the DEMs varied with respect to different land cover 221 

categories. In comparison to the SRTM-DEM and ASTER GDM, the AW3D30-DEM (1 Arc 222 

Sec) exhibited much better accuracy for different type of land covers vis., built-up, brush land 223 

and dense vegetation. CartoDEM was reported to be sufficiently accurate than SRTM and 224 

ASTER DEM (Lakshmi and Yarrakula, 2018). The present study attempts to assess the effect 225 

of such variations of the DEM on the landslide triggering prediction within the study area using 226 

the TRIGRS code, and eventually tries to identify the most suitable DEM for the said purpose. 227 

 228 

 229 

 230 

 231 

 232 

 233 
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 234 

 235 

Table 1: Digital Elevation Models (DEMs) available for the study area 236 

Short name DEM Data type Resolution Source 

ALOS ï 3D ALOS 

World 3D ï 

30m 

(AW3D30) 

Optical, edited 

global DEM 

1 arc sec Japan Aerospace Exploration Agency 

(JAXA) 

http://www.eorc.jaxa.jp/ 

ALOS/en/aw3d30/ 

CartoDEM  CartoSat-1 

Digital 

Elevation 

Model 

Optical, edited 

national DEM 

1 arc sec Bhuvan portal of National Remote 

Sensing Center/Indian Space Research 

Organization 

https://bhuvan-app3.nrsc.gov.in/ 

data/download/index.php 

1/3 arc sec National Remote Sensing Agency, 

under research agreement  

http://www.nrsa.gov.in/ 

https://www.nrsc.gov.in/ 

ASTER ï 

GDEM  

ASTER) 

Global 

DEM 

Version 2 

Optical, edited 

global DEM 

1 arc sec Ministry of Economy, Trade, and 

Industry (METI) of Japan and the 

United States National Aeronautics 

and Space Administration (NASA) 

https://asterweb.jpl.nasa.gov/gdem.asp 

SRTM ï 

DEM  

Shuttle 

Radar 

Topography 

Mission 

(SRTM) 

DEM 

Version 3 

Interferometric 

synthetic 

aperture radar, 

edited global 

DEM  

1 arc sec United States Geological Survey 

(USGS) Earth Resources Observation 

and Science (EROS) Center 

https://earthexplorer.usgs.gov/ 

 237 

5.0 Input parameters for TRIGRS simulation 238 

5.1 Slope Map 239 

The topographic input parameters required for the analyses, vis., the slope map and the aspect 240 

map, are extracted from the corresponding DEM. The slope and the aspect map are obtained 241 
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using the slope, aspect, and curvature modules (Cimmery, 2010) of the SAGA-GIS (System 242 

for Automated Geoscientific Analyses - Geographic Information System) (Conrad et al., 2015) 243 

by applying the Zevenbergen and Thorne (1987) method. The stated method utilizes a 244 

secondorder finite difference algorithm using nine polynomial parameters to calculate the 245 

slope or the maximum gradient along the aspect direction at a particular cell of the grid. Fig. 2 246 

shows the typical slope map obtained for the study area. 247 

 248 

 249 

Figure 2: Typical slope map (in degrees) of Guwahati city obtained from the ALOS-3D 250 

DEM 251 

 252 

5.2 Depth of Basal-boundary and Ground Water Table 253 

The existing literature highlights that the slope angle is the prime factor affecting the thickness 254 

of residual soil formation, and it is an established practice to assume a simple exponential 255 
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relationship between the soil thickness and the slope angle (Delmonaco et al., 2003; Salciarini 256 

et al., 2006). The soil thickness (z) and slope angle (ɓ) is assumed to related as per Eqn. 1 257 

0.07422.0z e b-=            (1) 258 

From the in-situ observation of landslides occurrences reported in the morning of 26th June 259 

2012 at various locations in the Guwahati city, the landslides were inferred to occur along the 260 

soil-basal rock interface, with depth of slip surface ranging from 2.0 m to 2.5 m. The reported 261 

landslides were accompanied by profuse interfacial seepage indicating saturation of basal rock 262 

and landslide soil mass (Goswami, 2013). Therefore, for the TRIGRS simulations for the 263 

present study, the initial ground water table is considered the same as the depth of the basal 264 

rock. Finite depth basal boundary is considered for the analysis, and the ground water table is 265 

allowed to rise due to the rainwater infiltration. 266 

 267 

5.3 Soil parameters 268 

Approximately 100 numbers of representative and undisturbed soil samples were collected 269 

from 23 different locations of the hill s within the Guwahati city, specifically in nearby locations 270 

to the RVS points. The Mohr-Coulomb shear strength parameters (c and ű) were determined 271 

with the aid of triaxial tests and direct shear tests conducted on saturated soil specimens. The 272 

saturated permeability of the hillslope soils were determined by laboratory permeability tests. 273 

Values for the soil parameters corresponding to Guwahati hill slope soils were also collated 274 

from various literature (Das 1992; Das 2003; Saikia et al., 1996; Saikia 2002; Das and Saikia 275 

2010; Yamsani et al., 2016; Sarma et al., 2019). The most frequently occurring values of the 276 

parameters were selected as input into TRIGRS model. The soil water characteristics for the 277 

soil specimen was determined using Dielectric Water Potential Sensor (WPS) in combination 278 

with volumetric water content sensor. The experimental data was further cross-checked with 279 
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the data reported in the literature for similar soil of the region obtained through similar 280 

experimental procedure (Chetia and Sreedeep, 2013), and a fair agreement was observed. Table 281 

2 gives the values of the input parameters used for the TRIGRS simulation. These parameters 282 

are chosen as the ones with 95% confidence, while the magnitudes in brackets provide the 283 

range of parameters obtained from the collated data from tests and literature. 284 

 285 

Table 2: Input parameters applied in the TRIGRS simulation 286 

Mohr-Coulomb 

Shear Strength 

parameters 

Unit 

Weight of 

Soil 

Saturated 

Permeability 

Soil 

Diffusivity  

Gardner (1958)          

SWCC parameters 

cǋ 

(kPa) 
űǋ ( ) ɔs (kN/m3) ks (m/s) Do (m/s) ɗs ɗr Ŭ 

10 

(5-20) 

27 

(25º-30º) 

18.5 

(16.5-

19.0) 

2.5×10-6 

(10-5-10-6) 
2.5×10-5 

0.45 

(0.41-

0.5) 

0.05 

(0.03-

0.1) 

0.8 

(0.6-

0.9) 

 287 

5.4 Rainfall data 288 

The rainfall data is adopted from the Tropical Rainfall Measuring Mission 289 

(TRMM_3B42_Daily v7) daily (24-hour) rainfall estimate data set provided through the 290 

Goddard Earth Sciences Data and Information Services Center (GES DISC) web portal 291 

(http://disc.sci.gsfc.nasa.gov/giovanni). Area averaged-time series TRMM (Tropical Rainfall 292 

Measuring Mission) daily (24ïhour) rainfall data set (TRMM_3B42_Daily v7), for the period 293 

from 1998 to 2015 has been collected and analyzed to understand the rainfall pattern and its 294 

variation across years. The óarea averaged rainfallô represents the average of the rainfall 295 

estimate over the entire study region within a duration 24 hours. The rainfall events which were 296 

reported to have triggered landslide within the study area in the past are selected as input for 297 
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the TRIGRS simulation. The rainfall events selected for the present study are shown in Table 298 

3. The duration of the rainfall is finalised in such a manner so that TRIGRS simulates the 299 

antecedent in-situ response followed by the landslide triggering event as a response to the 300 

applied rainfall, without the need of assigning the steady state background influx. Along with 301 

the TRIGRS simulation results the daily rainfall (mm/day) is highlighted later in Fig. 4, Fig. 5 302 

and Fig. 6 for the June 2012, June 1998, and July 2004 events, respectively. 303 

 304 

Table 3: Rainfall events triggering landslides 305 

Landslide triggering 

rainfall event 
Duration 

Cumulative 

rainfall 

Average rainfall 

intensity 

June, 2012 
1st ï 25th June  

(25 days) 
821 mm 32.8 (mm/day) 

July, 2004 
29th June ï 16th July 

(18 days) 
780 mm 43.3 (mm/day) 

June, 1998 
22nd May ï 9th June 

(19 days) 
798 mm 42.0 (mm/day) 

 306 

6.0 RESULTS  307 

TRIGRS simulations were carried out considering the rainfall of June, 2012 (1st to 26th) for the 308 

five different DEMs as formerly mentioned. Unsaturated infiltration condition and finite depth 309 

boundary condition were considered for the simulations, while the ground water level was 310 

allowed to rise against the infiltration of rainwater. The Factor of Safety (FoS) map of Guwahati 311 

city, for each day, is obtained as the output. Fig. 3 shows the FoS-map for the 25th of July 312 

obtained from TRIGRS simulation using the ALOS-3D as the base DEM. The landslide-points, 313 

marked with black triangles, are overlaid on the map. Values of the FoS at the landslide-points 314 

are extracted out from each map and the average, maximum, minimum and the standard 315 
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deviations for each time step are determined. The same procedure is followed for the other 316 

simulations considering other base DEMs as well. The values are then plotted for the entire 317 

duration of the rainfall event. 318 

 319 

 320 

Figure 3: TRIGRS simulated FoS-map of Guwhati city for 25 June 2012 using ALOS-321 

3D as base DEM and the overlaid landslide-points detected during RVS survey 322 

 323 

Fig. 4 shows the daily rainfall, along with the FoS of the landslide-points, through the month 324 

of June 2012. The plot shows the daily rainfall as clustered columns, with the magnitude of 325 

rainfall intensity on the secondary vertical axis (on the right). The average of the FoS at all 347 326 

landslide-points is shown as marker for each time step (daily), along with the standard deviation 327 

of the dataset as error bars. The area plot in the background gives the range of maximum and 328 

minimum FoS values of the set. It can be observed that the TRIGRS simulations predict 329 
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landslide occurrences on the 25th of June, 2012. In the actual field conditions, the landslides 330 

occurred at the night of 25th June and were reported in the morning of 26th June, 2012. Thus, 331 

the prediction by TRIGRS simulations can be considered to be sufficiently accurate in terms 332 

of the time of occurrence of the lanslides. The gradual deterioration of the slope stability over 333 

a period of an entire month can also be clearly observed from Fig. 4. The most important 334 

observation pertains to the difference in the response when different DEMs are considered as 335 

the base map for the rainfall-induced landslide analysis. 336 

 337 

Fig. 4 gives a time-series plot of the gradually degrading FoS during the rainfall event. Before 338 

the rains commenced on 1st June, the hillslopes were predominantly dry and the FoS values 339 

were significantly higher than 1.0 for the entire study area, indicating stable slopes throughout 340 

the region. Gradually, with the increasing rainfall infiltration, the pore-water pressure 341 

increased, and the FoS values decreased. The FoS reached the minimum value on the 25th of 342 

June, 2012, indicating that the landslides occurred after a total cumulative rainfall of 821 mm 343 

over a duration of 25 days. As can be observed from Fig. 4, the outcome from the ALOS-3D 344 

DEM is significntly different from all the other DEMs. The trend of the average FoS of the 345 

RVS points obtained using ALOS-3D base DEM is apt in describing the actual landslide 346 

occurrences of 25th June 2012. Apart from ALOS 3D, all the DEMs highlighted the occurrence 347 

of anticipatory landslides in some localised regions exhibited by marginal stability (FoSå1), 348 

while the average FoS still being greater than 1 (in the range of 1.3-1.6), thereby indicating a 349 

stable slope in majority of the RVS locations. In terms of the average FoS on 25th June 2012, 350 

results obtained from CartoDEM 1/3 arc-sec (FoS=1.3) and CartoDEM 1 arc-sec (FoS=1.4) 351 

illustrated a better predictive efficacy in comparison to the SRTM-DEM 1 arc sec and the 352 

ASTER-GDEM (FoS º 1.6). The other significant difference in the utilization of different 353 

DEMs, as observed from Fig. 4, is the range of the maximum and minimum FoS obtained from 354 
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TRIGRS simulations. Higher slope angle indirectly results in lesser thickness of overburden 355 

soil, and therefore needs lesser amount of infiltrated water to raise the ground water level. On 356 

the other hand, higher slope angle also ensures higher runoff from upslope catchment area, 357 

thereby resulting in larger amount of excess water onto the downslope cells. The gully regions, 358 

where the slope angle is high and have a larger upslope catchment area, are very much prone 359 

to landslides. Those areas are characterized by the minimum FoS by the TRIGRS simulation. 360 

The simulation results clearly highlights the difference in the ranges of maximum and 361 

minimum FoS, thereby indicating that the slope map derived from different DEMs are 362 

substantially different, and result in vivid difference in the simulation results.Compared to any 363 

other DEMs, ALOS-3D exhibit the range of maximum and minimum FoS to be very narrow 364 

and thereby coinciding with the average FoS, thereby indicating higher reliability on the use of 365 

stated DEM.  366 
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 367 

Figure 4: FoS of the landslide-points as a response to rainfall event of June, 2012 368 

 369 

The above exercise was repeated for the rainfall events of June 1998 and July 2004 as well, 370 

whereby several landslides were reported to have occurred in the hillslopes of the municipal 371 

precinct of Guwahati. Fig. 5 shows the degradation of the average FoS of the landslide-point 372 
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locations obtained from the different base DEMs considering the rainfall event of June 1998. 373 

Though the trend of degradation of FoS over the duration was similar, there was considerable 374 

difference in the values of the average FoS. Figure 5 exhibits that the TRIGRS simulation with 375 

ALOS 3D predicted the occurrence of landslides on 8th June 1998, with the average FoS value 376 

dipping below 1.0. The FoS values from ALOS-3D and CartoDEM (1/3 arc-sec) were in close 377 

agreement until 6th June 1998, while deviating in the later dates. A similar exercise was 378 

conducted considering the July 2004 rainfall and landslide events, and exaclty similar trend of 379 

the results were obtained (Figure 6). The simulation with ALOS 3D DEM predicted landslide 380 

trigerring on the 15th July, 2004. The FoS values from ALOS-3D and CartoDEM (1/3 arc-sec) 381 

showed close agreement till the 10th of July and deviated in further time steps. 382 

 383 

 384 

Figure 5: Average FoS of the landslide-points as a response to rainfall event of June, 1998 385 
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 386 

Figure 6: Average FoS of the landslide-points as a response to rainfall event of July, 2004 387 

 388 

To evaluate the efficacy of the simulation outcomes, the ROC (Receiver Operating 389 

Characteristics) (Godt et al., 2008) of the FoS maps is determined. The underlying concept of 390 

the ROC is primarily involved in comparing the locations of landslide occurrences with those 391 

of the predicted ones. In the present study, the GPS (Latitude/Longitude) coordinates of the 392 

RVS locations were used in the ROC model to establish a comparison of different DEMs used 393 

in the present study. The ROC of the TRIGRS FoSïmaps are calculated in terms of the True 394 

Positive (TPR) and False Positive Rates (FPR), as shown in Table 4. It is to be noted that the 395 

areas or the grid cells with slope angle lesser than 15  are not included in the analysis, since 396 

landslides were not observed in such gentle slopes within the study area. Subsequently, for a 397 

particular rainfall event, the True Positive Rate (TPR) are plotted against the False Positive 398 

Rate (FPR) for the DEMs, as shown in Fig. 7. The assessment of landslide occurrences would 399 

be considered ideal when a demarcation is located in top-leftmost corner of the ROC plot (Fig. 400 

7), indicating a 100% TPR and 0% FPR. However, such a scenario would never be achieved 401 


