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Standard Operating Procedure (SOP) for Meso scale 
(1:10,000/ 5000) Landslide Susceptibility Mapping, 2020 

 

1.0. Prelude: 

Geological Survey of India (GSI) being the nodal agency for landslide hazards in the 
country has multiple geoscientific responsibilities. The fundamental responsibility is 
the generation of all sorts of geoinformation and geospatial maps for use by the 
stakeholders for informed decision making towards better mitigation and 
management of landslide hazards in the country. The multi-scale landslide 
susceptibility/ hazard mapping is one of the prime activities of GSI for fulfilling the 
above prime responsibility. In this regard, GSI is already on the verge of completion 
of the National Landslide Susceptibility Mapping (NLSM) project launched in 2014, 
wherein GSI has been carrying out landslide susceptibility mapping on 1: 50,000 
scale for the entire 4.29 lakh sq. km. landslide prone areas in India to provide a Pan-
India, base level landslide related geoinformation. So far, about 85% of the target 
area (3.63 lakh sq. km.) has already been covered in NLSM by GSI. The above 
NLSM geodatabase has already identified many critical areas where further upscaled 
geoinformation needs to be generated for use in local-level safe and sustainable 
infrastructure developmental planning as well to launch or implement both structural 
and non-structural, detailed landslide risk reduction mitigation measures.    

Accordingly, as per the MoM-approved Landslide Vision and Strategy Document 
2020-2030 (Annex-1), the Geological Survey of India (GSI) is prioritizing meso scale 
(1: 10,000/ 5000) landslide susceptibility mapping as one of its major landslide 
related studies w.e.f. 2020 and envisaged to complete the above task in 200 
prioritized sites by FS 2024-25 in different landslide prone Regions. Since the number 
of the priority sites for meso scale landslide susceptibility mapping is plenty, this 
upscaled 1: 10,000 task may continue further beyond 2025. However, a status on the 
progress of this task will be reviewed after completion of this first phase of the action 
plan in 2025.  

2.0. Background: 

For meso scale landslide susceptibility mapping, till date, no unified guideline was 
available in the country excepting two discerning methods proposed by Anbalagan et 
al. (2008) and Ghoshal et al. (2013) respectively. Recently, in 2020, BIS has also 
introduced a guideline (IS 14496: Part 1:2020) on Preparation of Landslide Hazard 
Zonation Maps in Mountainous Terrains - Guidelines Part 1 Meso-Zonation, which is 
mostly based on the methodology proposed by Anbalagan et al. in 2008. However, 
GSI is the only organisation in the country, which has extensively tested the above 
two methods of 1:10k landslide studies during last five years and felt it necessary that 
a comprehensive and unified guideline is required to be followed for meso scale (1: 
10,000/ 5000) landslide susceptibility mapping to rapidly produce meso scale 
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landslide susceptibility database in the country, which are fundamentally relied more 
on field inputs and validation and proved to be more effective technically. 
Accordingly, several Brain Storming Sessions (BSS)/ E-Workshops on meso scale 
methodology were held in GSI involving experts from all Regions, including 
implementation of five pilot projects in different terrains (Barik et al., 2019; Das and 
Prakash, 2020; Konyak and Gajbhiye, 2020; Kumar et al., 2019; Rajkumar and 
Ahmed, 2019). Based on the findings/ outputs of the five pilot projects and also after 
discussing at length in BSS and E-workshops, the following unified guideline for 
meso scale landslide susceptibility mapping is proposed.   

3.0. Criticality of meso scale landslide mapping  

It is pertinent to add that as we upscale (from macro to meso), the following changes 
need to be brought in the landslide susceptibility studies: 1. the data density 
(especially field-based) needs to be higher, 2. the validation of geofactor maps 
needs to be intense, so that the input maps have higher accuracy, 3. landslide 
susceptibility needs to be modelled as per the expected types of slope failures, and 
4. the final landslide susceptibility map needs to be user-friendly and should contain 
additional value-added information (for details see Section 4.10.3) for 
comprehensive landslide risk assessment and management, so that the same can 
be utilised for detailed infrastructure planning and mitigation strategies. Since the 
study area per item is relatively smaller and better accessible, attempts must be 
made so that the expected improvements listed above (1, 2, 3 & 4) must be ensured.  

Meso scale landslide susceptibility mapping is an intense exercise, and its scientific 
outputs must be used for relevant landslide risk reduction endeavours by the 
stakeholders. Therefore, before taking up any such investigation, different State 
Units should coordinate well with the local administration in selection of sites, and for 
incorporating any specific requirements in planning such upscaled task. In this 
regard, recently the Addl. Director General and National Head: Mission IV has also 
written DO letters to all the Chief Secretaries of all the concerned landslide prone 
States with a request to intimate GSI about their specific requirements for meso 
scale landslide studies. Copies of the above DO letters from Central Headquarters 
were also marked to the HoDs of concerned Regions. The above DO letters may be 
used as reference during coordinating with the local administrations on this specific 
purpose.  

4.0. Guidelines for meso scale (1:10000/ 5000) landslide 
susceptibility mapping  

4.1.  Site Selection: Sites for meso scale can be selected based on the 
followings. 
 

i) Based on specific requests received from various stakeholders like Government 
agencies [State Governments/ Municipalities/ Local Bodies/ District Disaster 
Management Authority (DDMA)/ State Disaster Management Authority (SDMA)/ 
National Disaster Management Authority (NDMA)/ Road Maintaining Authorities 
(e.g., BRO, PWD, NHAI, MoRTH etc.), Indian Railways and its subsidiaries, Metro 
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Railway Authorities, etc.], public sectors as well as private land developers (as 
consultancy projects).  

 ii) Can be selected from 47 sites already identified in the NDMA’s National 
Landslide Risk Mitigation Strategy-NLRMS-2019 (Annex-2) 

iii)  Can be selected from 120 sites that GSI identified from NLSM maps so far or 
based on the need felt by the concerned State Units of GSI after discussing with 
the concerned State Governments/ local administration/ other stakeholders 
(Annex-3).  

However, while finalising the study area, the accessibility aspects, which for meso 
scale studies should preferably be substantially higher, presence of Elements-at-Risk 
(EatR), such as important road/ rail corridors, settlements, hill towns, future 
expansion area nearby, presence of any other civil infrastructure such as dam, 
barrage, bridges, power house, canals/ waterways, tunnel portals or locales of any 
strategic importance, smart hill towns, Tourist/ Pilgrimage/ Worship sites etc. should 
also be taken into consideration.  

4.2. Duration of meso scale investigation  

Each item will be taken up preferably as one-year item, or in exceptional cases, as 
two-year item based on terrain and availability of appropriate resources.  

4.3. Target per one-year item on 1:10000 scale   

4.3.1. Category 1 Site: Road/ Rail corridor:  

i) Road/ Rail length to be covered shall be at least 40-line km for 
Himalayan terrains and 50-line km for non-Himalayan terrain. 

ii) Boundary polygon around road/ rail corridor should consider 
geomorphic breaks and all types of slope failures that likely to affect the 
elements-at-risk. 

iii) For boundary polygon, buffer having constant width on either side of 
road/ rail corridor must always be avoided 

4.3.2. Category 2 site: Hill Township:  

i) 10 sq. km. (approx.) for any type of terrain, or the area required by 
the stakeholders (e.g., State Government) 

N.B. Any significant deviation more than ± 10% to the above target figure, due to any 
specific technical reason, should be pre-approved by the Addl. D.G. and National 
Head Mission-IV, CHQ, Kolkata.    

4.4. Human Resources per item and experience 

Two (02) Geologists for Full Time; The human resources selected for this item 
SHOULD PREFERABLY have experiences in NLSM project or experience in any 
landslide or Engineering Geology activities.  
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4.5. Expected Field days per geologist per year for each meso scale 
item 

 90 days for fulltime engagement. 

4.6. INPUT DATA & MAPS 

4.6.1 Topographic base maps/ Digital Elevation Model (DEM)  

4.6.1.1. The most suitable Digital Elevation Model (DEM) data to be used for 
1:10000 scale is 10 m resolution georeferenced CartoDEM, which should be 
procured from NRSC. If in any terrain, the Survey of India’s Open Source (UTM 
projection using WGS84 datum) Topographic map sheet on 1: 10,000/ 5,000 scale 
is available, the same may also be used for Topographic base maps. The contour 
interval for the base map should preferably be 5 m. If available, the open source 
digital topographic map data can also be procured from Survey of India.  It is quite 
possible that the DEM to be used has some errors since it is generated for a large 
area using automated procedures. Hence local errors corresponding to the AOI, if 
present, should be rectified by using DEM editing methods available in standard 
GIS software. 

4.6.1.2. If neither the 10 m resolution CartoDEM nor the SOI’s Toposheets on 1: 
10,000/ 5,000 scale is available, then freely-downloadable ALOS PALSAR 
radiometric terrain corrected DEM data of 12.5 m (https://search.asf.alaska.edu/#/ ) 
may also be used. Its performance in varied topographic conditions is also found 
promising in Indian terrains. 

4.6.1.3. If 1:5000 scale is adopted for meso scale landslide susceptibility mapping, 
topographic base map on 1.5000 scale, if available or any other very high-
resolution DEM commensurate to 1:5000 scale (5 m or more should be used 
instead of CartoDEM 10m/ ALOS PALSAR DEM 12.5 m. 

4.6.1.4. The deployment of surveyor may be considered only for the preparation of 
the base map for a small sector if needed, and also if necessitated by the 
concerned stakeholder. However, if available, data retrieved from UAV/ Drone, 3D 
TLS survey may also be tried for base topographic map preparation on 
experimental basis without compromising the stipulated timeline. However, in such 
cases, mixing up of source dataset for a particular study area must be avoided.    

4.6.2. Remote Sensing (RS) source data 

For preparation of various pre-field thematic geofactor maps and landslide inventory 
maps for the entire Area of Interest (AOI), use of the following high resolution Remote 
Sensing (RS) data is suggested. For landslide inventory mapping, multi-temporal 
images must be consulted. 

i) Ortho-rectified Cartosat-1 PAN Image (2.5 m). 

ii) Cartosat 2 images (1m), if available 

iii) IRS LISS-IV MX (5.7 m) 

iv) Cross-verification with multi-temporal Google Earth Imageries 
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v)    Any other high resolution RS data relevant to the terrain or source datasets. 

 
4.6.3. Other legacy maps/reports for consultation  

Any old maps on landslides both site specific and zonation, old landslide reports, 
old post-disaster report, other relevant documents, media reports (if available), 
Census maps and reports for value addition on Elements-at-Risk (EatR), 1:50k/25k 
geology map of GSI, NLSM input maps of the area, GSI’s National Landslide 
Inventory data available in Bhukosh (http://bhukosh.gsi.gov.in/Bhukosh/Public), 
data for structure and lineaments sourced from GSI’s 1:50k Geology map, Seismo-
tectonic Atlas (Seisat 2000), and level-3 map data of National Geomorphology and 
Lineament Mapping (NGLM) Project. Apart from the above list, any other data and 
reports considered relevant to the study area may also be consulted and used. 

4.7. MAPPING UNIT 

4.7.1. Pixel (10 m/ 12.5 m resolution) from DEM (e.g., CartoDEM/ ALOS PALSAR) is 
preferred for 1: 10,000 scale because the same is easy to generate, 
operate/use, easy to integrate, easy for spatial analysis/ mathematical 
calculations, and lacks subjectivity/ generalization.   

4.7.2. In some terrains, slope unit/ facet may be found equally applicable in 
representing the local ground morphometry. In such situations, the meso scale 
studies may also use slope unit/ facet as suitable mapping unit.  

4.7.3. In the event of using facet-wise approach, the facet size should not be more 
than 10,000 m2 and the report should compare the outcomes of pixel-wise and 
facet-wise susceptibility and the susceptibility map having higher accuracy 
standards and better ground validation be finally accepted and produced. If 
sizes of facets are more than 10,000 m2 at a few locations within study area, 
appropriate and relevant justifications for adopting such larger dimensions are 
mandatory. 

4.7.4. If 1:5000 scale is adopted, very high resolution DEM (at least 5 m resolution) 
be used and 5 X 5 m pixel be used as mapping unit. If facet is preferred as 
mapping unit on 1:5000 scale, each facet must be proportionately smaller 
(preferably 5000-7000 m2). 

4.8. DATA PREPARATION 

4.8.1. Landslide inventory map  

The Pre-field landslide inventory map should be prepared in a GIS after consulting 
and using all the following source data/ information. 

i) GSI’s legacy data (NLSM data, all available landslide inventory point data in 
Bhukosh or others, old landslide maps, old landslide reports/ compendiums) 

ii) All sorts of available high resolution multi-temporal Earth Observation (EO) 
data 
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iii) Media reports (at least for last 20 years for major disaster); local vernaculars/ 
dailies; In such data, date of occurrences and impact information are the vital 
inputs, which are mostly available; however, the data can only be integrated, if 
spatial location is approximately/ satisfactorily estimated from media descriptions.  

iv) Calamity Assessment Report prepared by concerned State Disaster 
Management Authority (SDMA) 

v) Road Maintenance Record prepared by PWDs/ BROs/ NHAI/ MoRTH/ Indian 
Railways etc.  

vi) Data sourced from NGOs, Tea Estates, other plantation authorities and other 
Private Organisations etc. 

vii) Landslide source/ initiation, runout and accumulation zones are to be mapped 
very precisely and separately to delineate the source area, flow inundation and 
accumulation areas. 

Viii) Landslide data available with other organizations such as NRSC, CBRI etc. 

 
In meso scale, each landslide incidence of the pre-field landslide inventory map 
must be validated in field and the detailed geoscientific parameters (following 
relevant fields of GSI’s 42 point geoparametric attributes), to be collected and 
updated. This exercise must be completed first with extreme care by the 
workers so that a terrain-specific understanding about the failure mechanisms 
prevalent in the study area is developed, which is crucial for finalising the 
selection of appropriate geofactors and also finalising the knowledge-driven 
terrain-specific ratings/ weights of the geofactor maps and its classes.  

4.8.2. Thematic geofactor maps  

4.8.2.1. The thematic geofactor maps for meso scale can be divided into four 
categories and the same are to be generated at different stages of the study. The 
following list of geofactors is generic in nature. Based on different failure domains and 
also specific to a particular terrain, workers have the freedom to include a few other 
relevant geofactors too, if the same are mappable on meso scale. However, 
inclusions of any other relevant geofactor map, not listed below, but having local 
relevance, must be justified appropriately. 

i) Pre-field maps – a. Slope inclination (prepared using spatial or 3D analyst 
functionality in ArcGIS), b. Slope aspect (if needed; prepared using spatial or 3D 
analyst functionality in ArcGIS), c. Geomorphon/ Landform, d. Drainage, e. 
Stream Power Index, f. Distance to drainage (if found relevant), and g. Relative 
Relief (only in case of facets and cut slope domain).  

ii) Pre-field maps that will be modified after field validation – a. Landuse, c. 
Landcover, d. Facet (prepared semi-automatically by digitizing facet boundaries in 
a GIS by visualising the hillshades, drainage boundaries and contour intervals and 
their spatial disposition etc.) and f. Elements-at-Risk map such as building 
clusters/ settlement units, roads, and other relevant infrastructure such as bridges, 
dams, power house locations, etc. and its possible exposure with landslide 
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hazards (to be required for preparation of Landslide Management map as a vital 
final output map).  

iii) Field-based maps – a. Geological, b. Regolith Thickness, and c. Slope 
Forming Material (SFM) maps d. Geotechnical map. However, the point maps 
with location and data of RMRbasic, regolith thickness, and feature/ polygon maps 
with landslides and instability features on ground needs to be prepared in field.  
The above maps can only be prepared by taking close field observations, 
recording vital field data on lithology and structure and transferring the same onto 
the pre-field maps for updating lithological boundaries and other details. While 
preparing these maps, adequate field observations, and care must be taken so 
that the quality and detailing of the above three maps are much improved than 
what are available on 1: 50,000 scale in that particular study area and the same is 
at par with 1: 10,000 scale observation and representation.  

iv) Post-field derivative maps – a. Kinematic, b. Geotechnical (to be finalized 
with the field and interpreted data), c. Engineering Geology by combining all 
inputs (SFM, Kinematic and Geotechnical) 

4.8.2.2. Since rainfall is one of the prime triggering factors for landslides in India, 
collection of historical rainfall data from the nearby rainfall stations is essential part of 
any landslide study. This information is a crucial input for generating landslide hazard 
maps in an area by modeling the same with the information of exact date of 
landsliding and reactivation of historic landslide data. Therefore, for meso scale, it is 
mandatory that apart from recording landsliding/ reactivation dates during inventory 
mapping, workers must also collect the locational attributes of the nearby rainfall 
stations (Latitude: Longitude) and all the past daily rainfall records for whatever 
historical period available in that area. The possible sources of such data could be 
India Meteorological Department (IMD), State Government, local district/ sub-division/ 
block administration, road/ railway/ hydel/ irrigation authorities, Tea Gardens etc. 
These are extremely vital information and must be collected in any meso scale 
landslide item for further use either in the particular item or in future exercise 
of landslide hazard/ risk analysis and early warning.  

4.8.2.3. As mentioned before, the right selection of the relevant thematic geofactor 
maps, fixing its ratings and weights required for meso scale are guided by the 
landslide inventory data and will be based on the discerning domains such as rock 
fall, rock slide, debris slide, earth slide, and cut slope domains etc. (Table 2; Fig. 1) 
and, thus, the selection of geofactors is highly terrain-specific as well as domain-
specific exercise. For “Cut slope” domain, slope units/ facets may initially be required 
for calculation of slope relief, however, the same may be pixelated later for assigning 
ratings and facilitating map integration, if pixel is considered as mapping unit. The 
following paragraphs give general guidelines for the preparation of the essential 
geofactor maps. 

4.8.2.4. Slope Forming Material (SFM) map showing the rock and overburden 
slopes along with the various possible sub-classes for both categories will have to be 
prepared through a very basic and preliminary pre-field mapping and using adequate 
field inputs and validation (Fig. 2a). This exercise will also look into field-based 
upscaling and improvisation of the available 1:50k/ 25k lithological information to 
relevantly prepare the meso scale SFM map. The thin overburden (up to 0.5 m) may 
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be either considered as rock unit or as overburden for preparation of slope forming 
material (SFM) map depending upon the nature of failures observed in the area. In 
some terrains, directly rock exposure mapping might be easier. In such situations, if 
terrains permit, rock-covered areas may be discerned without considering the thin 
overburden/ scree cover of 0.5 m. under rock unit. It is strongly stressed that most of 
the vital inputs for preparation of SFM map on meso scale shall primarily come from 
field, therefore, recording and reporting field observation locations using handheld 
GPS are a crucial exercise, so that while evaluation of geofactor maps, field data can 
be verified and checked.  

4.8.2.5. Geotechnical map: The final SFM map will later be converted into a 
geotechnical map by using different terrain-specific classes based on RMRbasic/ SMR 

values for rocky areas (BIS, 1997; Romana, 1985), C and ϕ values for debris/ earth 
covered slope (Fig. 2b). Any other relevant mappable geotechnical factor may also 
considered by the worker depending on the specific terrain conditions. 

4.8.2.6. Kinematic failure map: For rocky slopes, kinematic failure maps needs to 
be prepared based on the planar, wedge and toppling failure criterion following 
Markland’s tests (Hoek and Bray, 1981) (Fig. 3).  

4.8.2.7. Engineering Geology Map: Combining SFM information, Geotechnical and 
Kinematic Failure inputs, endeavours may be made to prepare an Engineering 
Geological map on meso scale for the area of interest (AOI), which would be an 
excellent byproduct for any future use [for preparation, methodology proposed by 
Razos et al., 2006 may be adopted (see Annex - 4).  

4.8.2.8. Land Use/ Cover (LULC) map (Fig. 4): may be prepared from the available 
high-resolution RS data, Google Earth imagery, other available legacy maps (e.g., 
Census map, village boundary map, road map, map showing cultural features etc.)  
and be modified/ corrected adequately with relevant field inputs. The factor classes 
should be based on type of vegetation such as tea, rubber, pine, bamboo, mix 
vegetation, paddy etc., or any other relevant classes suitable to the terrain. 
Classification based on vegetation type will help to indirectly use as proxies for the 
root cohesion effect of slope instability.   

4.8.2.9. DEM-derived Drainage Factor is to be used for the effect of distance to 
drainage aspects and Stream Power Index (SPI) maps to use and define the 
erosion condition (Fig. 5).  

4.8.2.10. DEM derived Geomorphon/ Landform map (Fig. 6) may be prepared and 
used as separate thematic factor for geomorphology (Annex-5). These DEM-derived 
maps are less-subjective and easy to produce. 

4.8.2.11. Relative relief needs to be calculated only on facet, and then it will be 
converted to raster maps in case of using pixel as mapping unit. This factor might be 
more relevant to cut slope domain. 

4.8.2.12. Debris flow impact probability map (Fig. 7) is an important addition to 
meso scale landslide susceptibility modeling. Based on high resolution DEM and 
debris flow inventory, debris flow impact probability map can be prepared by using r. 
randomwalk conceptual model of mass wasting proposed by Mergili et al., 2015 
(Annex - 6). 
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4.8.2.13. Map showing EatR such as building clusters/ settlement units/ Roads 
and Infrastructure: This map can be prepared at pre-field stage mostly by retrieving 
spatial information from high-resolution LULC map, Google Earth Imagery, other 
available very high resolution satellite imagery, recent and updated high resolution 
Topographic map sheet of Survey of India (if available), Open Street map, Census 
maps and data, administrative boundary and infrastructure maps available from the 
State Government etc. At meso scale, individual buildings cannot be mapped but 
from very high resolution RS data, building clusters/ settlement units can easily be 
mapped and represented. Even, Census maps can also be used in this respect 
because Census settlement unit maps can meaningfully be synced with the non-
spatial Census or demographic data easily, because the same are always linked to 
the Census Settlement Unit map information. This EatR map is a vital input for any 
subsequent consequence/ exposure analysis which in turn can facilitate preparation 
of landslide risk maps and the mandatory Landslide Management Map after 
finalising the meso scale landslide susceptibility model. 

4.8.2.14. However, it is reiterated again that apart from the above generic 
geofactor, landslide inventory, rainfall and EatR maps, for portraying terrain-specific 
conditions per failure domain, workers should consider geofactors that are specific to 
different domains (Table 2). If any additional geofactor is selected, the same must be 
genetically linked to the specific failure domain. The workers can also exercise 
freedom in selecting genetically-relevant geofactor classes for each of the geofactor 
maps too used for this work. All map data must be generated and integrated using a 
GIS for preparation of final susceptibility maps and for preserving the map data in a 
GIS Geodatabase for easy updation and improvement in future. 

Table 2: Examples of some essential geofactors for different domains. 

Domain Field variables  Thematic variables 

Rock Slide 1. Daylighted slope 

2. Poor rock mass  

  

1. Kinematic failure map (Planar 
and Wedge) 

2. Geotechnical map (high rating 
to poor rock mass) 

Rock Fall 1.Daylighted slope 

2.Poor rock mass  

  

1. Toppling failure map 

2. geotechnical map (high rating 
to poor rock mass) 

Debris 1.Rill or gully erosion 

2. Micro landform 

3. Strength of material (C & ø) 

4. Vegetation cover and root 
cohesion 

1. Stream Power Index map 

2. Landform map 

3. Geotechnical map 

4. LULC map 

5. Debris flow impact probability 
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Earth slide 1.Rill or gully erosion 

2. Micro landform 

3. Strength of material 

4. Vegetation cover and root 
cohesion 

1. Stream Power Index map 

2. Landform map 

3. Geotechnical map 

4. LULC map 

Cut slope 
failure 

1. Loose overburden 
material 

2. Shallow regolith depth 

3. Moderate to Steep slope 

  

1. Regolith Thickness map 

2. Slope map (high rating to 
steeper slopes) 

3. Geotechnical map (high rating 
to poor rock mass) 

4. Relative relief map (Higher 
elevation difference cause 
more surface runoff) 

 

4.9. SAMPLING AND GEOTECHNICAL TESTING 

4.9.1. Sampling  

i) Sampling shall be done covering the entire variants of slope forming material and 
sample locations should be spatially well distributed, preferably collected from 
varying elevations and recorded on base map sheet along with all observation/ 
field data location points. The samples should preferably be collected from un-
disturbed natural slope.  

ii) From debris/ soil, area, 5 kg sample from each location of such natural slope are 
to be collected. Workers collecting the samples should characterize the sample in 
field itself as per the standard classification of soil and also record whether they 
are collecting disturbed or undisturbed samples.  

iii) Where terrain/ material condition specifically supports (e.g., Western Ghats, 
Nilgiris etc.), un-disturbed soil samples can also be collected in standard 
cylindrical tubes. 

 iv)  The samples should be collected at least from the debris/ soil horizon at ~0.5 m 
depth and after removing all roots etc. from the samples. The samples are to be 
collected in sealed plastic bags to keep natural moisture content intact..  

v) The geotechnical samples should be collected from field within a maximum span 
of 7 days to maintain natural moisture content. At least 20-30 nos. of debris/ soil 
samples should be collected which should be widely distributed in all the available 
debris/ soil types in each item. Field officers need to use Schmidt’s hammer in 
field for estimating UCS data by taking high frequency of observations. 

vi) a) Samples should be collected in l00 mm dia and 440 mm long steel tubes with 
cutting edge. b). After taking soil samples both sides of the steel tube must be 
covered with wax and after, that to be sealed in plastic to keep NMC intact' c) 
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During transportation of samples the tubes must be brought horizontally otherwise 
moisture will be concentrated in the bottom part of the tube. 

Vii)  Grab samples should be collected preferably in a grid. 

4.9.2. Geotechnical testing 

4.9.2.1. The geotechnical sample testing will be carried out in the Regional 
Geotechnical laboratories of GSI. In case of non-availability of the required facilities 
in any of the Geotechnical laboratories of GSI (available in any Region), the 
geotechnical testing of samples may be carried out either from any outsourced 
Government laboratory or from any ISO certified private Geotechnical laboratory on 
payment basis. It is advised that the selection of laboratory is done well before the 
work is initiated and necessary budgetary provisions are made in the item after 
observing normal procedures and after obtaining necessary approval from the 
competent authority. While selecting the laboratories for testing, it is necessary that 
the laboratory is located at the shortest possible distance from the headquarters and 
all the parameters of the samples collected under a given item are also determined in 
the same laboratory. This is required to minimize the delays in transportation and a 
proper comparison of results for samples submitted in different batches. Besides, the 
sample testing in one laboratory will avoid unnecessary collection of more than one 
set of samples from the same location.  

4.9.2.2. In case of rock samples, determination of UCS/ Point Load Strength, 
specific gravity and water absorption of different, representative rock types is to 
be done for use in RMRbasic. The geotechnical tests for soil samples to be carried 
out are “qualitative grain size analysis”, “specific gravity”, “Bulk density”, 
“Density (dry)”, “Density (wet)”, “Porosity”, “Permeability”, “UCS”, “Free swell 
test”, “NMC”, “Liquid limit”, “Plastic limit”, “C” and “ø”. A briefing on the sample 
and all relevant field data recorded pertinent to the samples to be tested are to be 
provided to the Geotechnical Laboratory along with the samples for better 
comprehension by the Technicians.  

4.9.2.3 Schmidt hammer should be invariably used since it provides vital geotechnical 
data during fieldwork. 

4.9.3. CALCULATION OF RATINGS/ WEIGHTS & MAP INTEGRATION 

4.9.3.1. Ratings and Weights: Ratings of geofactor classes and weights of geofactor 
maps should be determined heuristically by the workers considering the different 
failure domains and the prevalent terrain conditions and landslide inventory data. In 
this exercise, the knowledge gathered during finalisation of 42-point landslide 
inventory data is extremely vital. However, for terrain-specific ratings and weights, an 
indicative example is demonstrated in Fig. 8. 

4.9.3.2. Map integration: All rated and weighted maps per failure domain should be 
integrated in a GIS using Weighted Multi-class Index Overlay formula; if 
summation of geofactor map weights is 1.0; then dividing the weighted sum by sum 
of map weights are not required in map algebra calculation in ArcGIS or any other 
relevant GIS platform. Since the geofactor assemblages are failure domain 
specific, initially different susceptibility maps specific to different failure 
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domains are to be prepared and finally are combined together as a “Combined 
Landslide Susceptibility” map (Fig. 9). 

4.9.3.3 Validation: Any predictive model requires testing and validation. Since meso 
scale landslide susceptibility mapping does not use landslides directly in 
mathematical/ statistical modelling (calculating ratings and weights), the historic 
landslide data that are available in the study area can be used for calculating the 
prediction rate (for steps follow NLSM GIS steps for calculation of Success Rate 
Curves). For meso scale validation in landslide deficient areas, even ground cracks, 
fissures, subsidence spots or any other perceptible signs for slope instability 
signatures must be considered as possible slope failure locations and the same can 
be used for model testing for calculating Prediction Rate Curves, ROC etc. 

In places, where a-priori landslides or any apparent signs of instability are completely 
absent, it is extremely difficult to validate the meso scale landslide susceptibility 
maps. In such cases, if terrain and data permit, calculation of a few FoS at critical 
sections may be attempted to demonstrate the stability scenarios of slopes, apart 
from subjective evaluation by the workers based on site conditions.   

4.9.3.4. Classification: The most preferred classification should include three 
susceptibility classes (High, Moderate and Low) for easy comprehension and taking 
quick decision by stakeholders. For recognition of High susceptibility areas, it is 
preferred that at least 65% prediction be attained by any meso scale model. High 
susceptibility zone should be able to classify at least 65 cumulative percent of 
failure locations whereas Moderate susceptibility zone should be able to classify at 
least 90 cumulative percent of failure locations. Rest be classified as “Low”  

4.9.3.5. If no failure locations are present in any study area, the break values for 
classifying the map through the above method is not possible. In those cases, 
classification breaks should be determined solely based on expert/ workers’ opinion. 
However, in such cases, we cannot avoid subjectivity in such knowledge-driven 
classification. While doing this, special attention must be given so that moderate 
map area does not exceed more than 30% of the total map area and “high” 
susceptible zones qualitatively contains maximum number areas that are prone to 
landslide hazards. It should always be borne in mind that inclusion of excessive 
map areas under “moderate” category actually demonstrates higher map 
uncertainty and in meso scale landslide susceptibility mapping, attempts 
should always be made to lessen the uncertainty in susceptibility models as 
maximum as possible.  

4.9.3.6. It is also suggested that any future slope movement in the high/ moderate 
susceptible zones in meso scale landslide susceptibility map should also be 
monitored later through geodetic survey or installation of standard instruments or 
from any other data source. This will help the model to get validated with the actual 
slope movement data. 
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4.10. Value addition to the final 1: 10,000 scale landslide 
susceptibility map 

In meso scale landslide susceptibility mapping, following value additions to the final 
susceptibility map would always be preferred and warranted so that the stakeholders 
can find these geoinformation more meaningful and useful for landslide management 
purposes. 

4.10.1. If suitable historic landslide data on landslide date of initiation and further 
recurrence, landslide sizes, and daily rainfall data from the nearest-available rainfall 
stations for a substantial period (10-20 years) are available for any site, sincere 
attempts must be made to qualitative/ quantitatively estimate landslide hazard and 
risk, following the best practices available in the literature (cf. AGS, 2007, Bell and 
Glade, 2004, Corominas et. al., 2014, Fell et al., 2005, Fell et al., 2008, Ghosh et. al., 
2011, Glade et al., 2005, Jaiswal et al., 2010, Jaiswal et al., 2011).  

4.10.2. On availability of requisite data, there will be considerable benefits if meso 
scale landslide susceptibility uses common descriptors (Tables 3-4) to describe the 
landslide risk (AGS 2007: Fell et al., 2008). It will allow the workers doing the zoning 
to relate to each other and allow administrators and those developing building 
controls to refer to these descriptors in the knowledge that they have a uniform 
meaning and also facilitates preparation of maps as per international standards in 
vogue. Therefore, some of the relevant internationally-accepted descriptors (Fell et 
al., 2008) are mentioned in the following tables which may be followed in case of 
meso scale landslide zoning in India to make it more standarised and meaningful 
(Table 3-4), and if needed, necessary terrain-specific modification as per Indian 
conditions can also be made after relevant applications (cf. NLRMS, 2019 of NDMA). 
However, this exercise is possible only if such historic information is available in 
plenty in any study area. 

Table 3: Suggestive descriptors for landslide frequency determination during hazard 
analysis (AGS, 2007; Fell et al., 2008; NLRMS-2019) 

Hazard 
descriptor 

Rock falls from 
natural cliffs or rock 
cut slope 

Slides of cuts 
and fills on 
roads or 
railways  

Small 
landslides on 
natural slope 

Individual 
landslides on 
natural slopes 

Number/ annum/km 
or cliff or rock cut 
slope 

Number/ 
annum/ km of 
cut or fill 

Number/ 
km2/annum 

Annual 
probability of 
active sliding 

Very high >10 >10 >10 10-1 

High 1 to 10 1 to 10 1 to 10 10-2 

Moderate 0.1 to 1.0 0.1 to 1.0 0.1 to 1.0 10-3 to 10-4 

Low 0.01 to 0.1 0.01 to 0.1 0.01 to 0.1 10-5 

Very low <0.01 <0.01 <0.01 <10-6 
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Table 4: Suggestive descriptors for landslide risk zoning using property loss criteria 
(AGS, 2007; Fell et al., 2008; NLRMS-2019) 

Likelihood Annual 
Probability 

Consequences to property (with indicative approximate 
cost of damage)(1)(3) 

1: 
Catastrophic 

2: 
Major 

3: 
Medium 

4: 
Minor 

5: 
Insignificant 

200% 60% 20% 5% 0.5% 

A – Almost 
Certain 

10-1 VH VH VH H M or L 

B-Likely 10-2 VH VH H M L 

C-Possible 10-3 VH H M M VL 

D-Unlikely 10-4 H M L L VL 

E-Rare 10-5 M L L VL VL 

F-Barely 
credible 

10-6 L VL VL VL VL 

Notes: (1) As a percentage of the value of the property. 

(2) For Cell A5, may be subdivided such that a consequence of less than 0.1% is low 
risk. (3) L Low, M Medium, H High, VL Very low, VH Very high. 

4.10.3. However, preparation of a landslide management map in addition to the 
meso scale landslide susceptibility map is mandatory for use mostly by the 
administrators/ stakeholders etc. The proposed meso scale landslide management 
map shall contain the following vital information, after carrying out an exposure or 
consequence analysis of the meso scale landslide susceptibility map with EatR and 
the estimated risks (qualitative or quantitative). This would lead to great amount of 
value addition of meso scale landslide susceptibility mapping. 

i) Specific trouble spots with suggestions of both short and long term remedial 
actions required, shown on the map itself, including indicating requirement of any 
detailed site specific landslide investigations. Even 10k landslide management 
maps must consider inclusion of firm recommendations for “no construction 
zone” or delineation of areas with complete ban on any construction activity 
because of its higher landslide risk and likelihood.  

ii)  Elements-at-Risk (EatR) units which pose varying landslide susceptibility/ 
vulnerability/ risk are to be marked and shown on map, including considering the 
impact of debris flow impact susceptibility. 

iii) Safe shelter locations, possible locations for constructing safe and hazard 
resilient buildings/ infrastructure are to be marked and shown on map 

iv) Possible escape routes in case of landslide hazard 

v) Suggested locations for rainfall stations/ AWS and other observation/ 
monitoring points are to marked and shown on map 
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vi) Generic suggestions on safe land use practices to be followed for different 
locations may also be marked and shown on the landslide management map. 

vii)  Any other important features considered relevant to the study area by GSI or 
required by the stakeholders and local administrations.  

Thus, while finalising the landslide management map, each team is advised to 
discuss and coordinate with the concerned stakeholders beforehand for 
accommodating stakeholder’s requirements, if any, which will increase the 
utility of this exercise manifold.  

However, a test example of possible Landslide Management Maps is illustrated 
in Fig. 10. 

A generic flow diagram of the entire process is also illustrated as Fig. 11. 

4.11. Distribution/ Circulation of final report and maps: Since meso 
scale landslide susceptibility maps are useful geoinformation for detailed 
infrastructure planning therefore, immediately after the approval of the final report, 
one hard copy and one soft copy of the same must immediately be shared with the 
concerned State Government authorities mandatorily, free of cost following 
DSAP 2019, with an intimation to NMH-IV, CHQ. Accordingly, necessary updation/ 
change in the distribution/ circulation list of meso scale landslide susceptibility reports 
must be made permanently. The report should also be immediately uploaded in the 
OCBIS portal for easy viewing and downloading by all. 

4.12. Preservation of GIS data and uploading of GIS-enabled 
geodatabase: After circulation of the final report, the GIS enabled map data (like 
that of 1:50 NLSM database) in a GIS Geodatabase must be submitted to the GHRM 
Centre, CHQ for preservation and uploading in a structured GIS-enabled format and 
also to maintain and track the national meso scale (1: 10,000/5000) landslide 
database. The deadline for submission of GIS geodatabase to the GHRM Centre 
CHQ is 15th November in the completion year of the item This preservation as a 
digital GIS-enabled geodatabase is essential for future updation and improvement of 
the 1:10000/ 5000 landslide hazard database. 



SOP for Meso Scale Landslide Susceptibility mapping, 2020  

 

16 

 

Fig. 1: Map showing different failure domains and domain-specific geofactors 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: (a) Slope Forming Material (SFM) and (b) Geotechnical Map 
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Fig. 3: Kinematic Failure Map  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: LULC Map 
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Fig. 5: DEM-derived geofactor maps (a) Slope and (b) Stream Power Index (SPI) 

Fig. 6: Landform/ Geomorphon Map 
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Fig. 7: Debris flow impact probability combined with landslide initiation 
susceptibility 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 8: Sample terrain-specific ratings and weights 
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Fig. 9: Failure domain specific and combined landslide susceptibility map 
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Fig. 10: A test example of Landslide Management Map 
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Fig. 11: A generic flow diagram of all the processes of mesoscale (1:10000) 
landslide susceptibility mapping 
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Annex-1: MoM Approved Strategy Paper on Landslide Hazard 
Management 

Table1: The 10 core activities of GSI for the period between 2020 and 2030 as 
approved by MoM in the recently-approved GSI Strategy Paper 2030 on Landslide 
Hazard Management 

Sl. 
No. 

Major Activity Target Implementation 
Period 

Status 

1.  Establishment of Landslide 
Early Warning Infrastructure 
at Geohazards Research and 
Management (GHRM) Centre, 
Kolkata 

Operationalisation of 
Landslide Early 
Warning Control 
Centre 

2020-2021 In Progress 

2.  Launching of Regional 
Landslide Early Warning 
System (Experimental mode) 
in phases 

10 Landslide-prone 
States 

2020-2024 Commenced 
w.e.f. 
01.07.2020 

3.  Launching of Regional 
Landslide Early Warning 
System (Operational mode) in 
phases 

16 Landslide-prone 
States and two 
landslide prone UTs 

2025-2030 - 

4.  Landslide Risk Assessment and 
Exposure Vulnerability 
Mapping in vulnerable districts  

75 vulnerable 
districts spread over 
vulnerable States 

2020-2024 In Progress 

5.  Meso scale (1:10,000) 
Landslide Hazard Mapping in 
prioritised areas 

200 sites (each ~ 30 
km2) spread in 
vulnerable States 

2020-2024 In Progress 

6.  Site Specific Landslide 
Investigations for mitigation 
and remedy 

100 active landslides 
spread in vulnerable 
States 

2020-2024 In Progress 

7.  Completion of remaining target 
of landslide susceptibility 
mapping – NLSM targets 
(Arunachal Pradesh)  

0.7 lakh km2 2020-2022 In Progress 

8.  Updation of NLSM database 
and National Landslide 
Inventory 

4.2 lakh km2 2020-2030 In Progress 

9.  Research Projects on InSAR 
modeling, Earthquake induced 
landslides, and debris flow 
modeling 

Three Research 
Projects 

2020-2023 Planning 
Stage 

10.  Targeted Landslide 
Awareness Programmes in 
landslide prone States/ 
Districts to help the first 
responders 

All landslide prone 
States and UT 

2020-2030 In Progress 
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Table 1. The tentative target of 1:10000 scale Landslide Susceptibility Mapping items 
to be taken up till FS 2024-25 to fulfill the target specified in MoM-approved Strategy 
Paper (based on already-identified sectors). 

Region 2020-21 2021-22 2022-23 2023-24 2024-25 Total 

NR 7 12 12 12 12 55 

NER & ER 7 18 18 18 17 78 

SR 3 10 10 12 12 47 

CR - 5 5 5 5 20 

Total 17 45 45 47 46 200 

 

Annex-2: List of identified sites in National Landslide Risk Mitigation Strategy 
document of NDMA 2019    

State Sectors/ Areas 

Uttarakhand 

(10) 

Guptkashi-Gaurikund Sector (Kedarnath route) 

Pipalkoti – Helang – Animath Sector (Badrinath route) 

Alaknanda bridge (Joshimath)-Vishnugad -Binakuli Sector (Badrinath route) 

Rishikesh-Rudraprayag Sector (Haridwar-Badrinath route) 

Netala -Batwadi - Sukki top Sector ( Gangotri Sector) 

Narendra Nagar-Uttarkashi Sector (Rishikesh-Gangotri Route) 

Chamba-Dunda -Matli Sector (Rishikesh-Gangotri Route) 

Naugaon - Barkot -Hanuman Chatti Sector (Yamunotri Route) 

Mussoorie Township 

Nainital Township 

Himachal 
Pradesh 

(05) 

Pandoh-Thalot stretch along NH-20, Mandi district 

Dharampur to Joginder Nagar SH-19 road stretch, Mandi district, 

Manali-Marhi-Rohatang-Koksar-Sissu road section, Kullu and Lahaul & 
Spiti districts 

Kangu-Jarol- Harabagh-Bari along NH-20, Mandi 

Chaura-Bhabhanagar NH-22 section, Kinnaur district, H.P., (FS2016-17) 
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J&K (01) NH-1A between Udhampur and Patni Top sector 

Assam (01) Maibang – Jatinga Road Section 

Mizoram 

(02) 

Aizawl Township 

Road Sector between Aizawl airport and Aizawl Township 

Manipur (01) Imphal-Ukurul road section 

Nagaland (03) 

Dimapur-Kohima road section 

Dimapur-Mao gate road section 

Kohima Township 

Sikkim (05) 

Road corridor along North Sikkim Highway (NSH) between Mangan and 
Lachung/ Lachen 

Gangtok town and its surrounding (6 km2) 

Road sector between Singtam, Dikchu and Rangrang 

Road sector between Ranipool and Pakyong 

NH-10 between Rongpoh, Singtam, Ranipool and Gangtok 

West Bengal (03) 

NH-10 between Sevoke and Rongpoh 

Road Sector between Gorubathan and Kalimpong 

Lava and Lolegaon Townships 

Tamil Nadu (01) Ooty and Coonoor Townships 

Kerala (04) 

 

Neriyamangalam - Munnar stretch of Kochi –Dhanushkodi road (NH-49) 

Vazhikkadavu - Nadugani stretch of Calicut - Gudallur road (SH -28)  

Moolamattom - Painavu stretch of SH – 44 

Munnar Town 

Maharashtra (11) 

 

The Malshej Ghat (~15 km.) long Ghat road stretch on Vizag - Ahmadnagar 
- Mumbai Highway - NH-222 

The Kalghar Ghat (~11 km.) long stretch of Mahabaleshwar - Medha - 
Satara SH-73.  

Karul Ghat section (~10 km length) from Kolhapur to Padel (via Gagan 
Bawda - Vaibhavwadi – Talere) of SH-115.  

Tamhini Ghat hill route section of Pune - Mangan Road, and is in fact, a 
hilly pass which cuts across the Western Ghat Escarpment to join Pune to 
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Konkan region. 

Varandh Ghat (~18 km) forms part of SH-70 connecting Pandharpur, a 
pilgrim place in Solapur district to Bankot, a port town in Ratnagiri district. 

Location/ Area: SoI Toposheet No.: 47F/08; District: Raigad (Parts of 
Mahad Tal.); Coordinates: Bounded between: Lat.: 18000’N to 18015’N; 
Long: 73015’E to 73030’E. 

Location/ Area: SoI Toposheet No.: 47E/12; District: Pune (Parts of 
Ambegaon Tal.); Coordinates: Bounded between: Lat.: 19000’N to 
19015’N; Long: 73030’E to 73045’E. 

Location/ Area: Mahabaleshwar hill town (SoI Toposheet No.: 47G/09); 
District: Satara District (Mahabaleshwar Tal.); Coordinates: Lat.: 
17055’50.62’’N, Long.: 73038’51.84’’E 

Location/ Area: Panchgani Laterite Plateau (SoI Toposheet No.: 47G/13); 
District: Satara District (Mahabaleshwar Tal.); Coordinates: Bounded 
between: Lat.: 17055’N to 17057’N; Long: 73047’E to 73050’20’’E. 

Location/ Area: Matheran hill town (SoI Toposheet No.: 47F/05 and 
47E/08); District: Raigad District (Karjat Tal.); Coordinates: Bounded 
between Lat.: 18057’N to 19003’N, Long.: 73015’E to 73020’E 

Location/ Area: Marleshwar Temple Complex (SoI Toposheet No.: 47G/12); 
District: Ratnagiri District (Sangameshwar Tal.); Coordinates: Bounded 
between Lat.: 17000’N to 17005’N , Long.: 73040’E to 73045’E 

 

Annex-3: Sectors identified by GSI from NLSM data so far 

State Sectors NH/SH/Town ship 

Kerala 

 (09) 

  

  

  

  

  

  

Vettilappara, (Malappuram) Vettilappara, (Malappuram) 

Kakkadampoyil, (Malappuram) Kakkadampoyil, (Malappuram) 

Alathur, Kairadi area (Palakkad) Alathur, Kairadi area (Palakkad) 

Palliyara-Chittoor area (Palakkad) Palliyara-Chittoor area (Palakkad) 

Idukki-Karimban-Chelachuvadu 
area 

Idukki-Karimban-Chelachuvadu area 

Konnathady (Idukki) Konnathady (Idukki) 

Adimali-Anaviratty area (Idukki) Adimali-Anaviratty area (Idukki) 

Kattipara, 
Chamal,Vettiyozhijathottam areas 
(Kozhikode) 

Kattipara, Chamal,Vettiyozhijathottam 
areas (Kozhikode) 

Meso-scale (1:10,000) Landslide Susceptibility Mapping in and around 
Kattipara, Chamal and Vettiyozhijathottam areas, Kozhikode District, Kerala 
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(Taken up in FS 2020-21). 

Tamil Nadu 

(02)  

Urban & other settlements Kodaikanal Town Ship 

Urban & other settlements Valparai & Highways  

Karnataka (04)  

  

 Kodagu SH, Rod corridor from Madikeri to 
Monnageri, Kodagu district, Karnataka 

 Kodagu SH, Rod corridor from Monnageri to 
Jodpal, Kodagu district, Karnataka 

 

Meso-scale (1:10,000) Landslide Susceptibility Mapping in and around 
Makkanduru, Kodandalu and Hattihole areas along Madikeri – Somvarpet 
road corridor (State Highway), Kodagu District of Karnataka (Taken up in FS 
2020-21). 

Meso-scale (1:10,000) Landslide Susceptibility Zonation in and around Indira 
Nagar (Madikeri), Made, Monnangeri and Jodpal areas along NH-75 road 
corridor, Kodagu District of Karnataka (Taken up in FS 2020-21). 

Assam (11) 

  

  

  

  

  

  

  

  

Dima Hasao Along NH 54 and Lumding-Badarpur 
Railway Line 

Dima Hasao Along NH 54 and Lumding-Badarpur 
Railway Line 

Dima Hasao Along NH 54 and Lumding-Badarpur 
Railway Line 

Kamrup (M) Guwahati 

Kamrup (M) Guwahati 

Kamrup (M) Guwahati 

Kamrup (M) Guwahati 

Dima Hasao Along NH 54 and Lumding-Badarpur 
Railway Line 

Dima Hasao Haflong Town 

Meso-scale (1:10,000) landslide susceptibility mapping from Jorai Batan to 
Retzawl in Dima Hasao District of Assam (Taken up in FS 2020-21). 

Meso-scale (1:10,000) landslide susceptibility mapping from Phaiding to 
JoraiBatan in Dima Hasao District of Assam ((Taken up in FS 2020-21). 

Meghalaya (06) 

  

  

  

Kuliang-Malidhar  NH-6 (erstwhile NH-44) Jowai-Silchar 
road 

Umiam-Umdihar  NH-6 (erstwhile NH-40) Shillong-
Guwahati Road 

Umdihar-Pahammawlein NH-6 (erstwhile NH-40) Shillong-
Guwahati Road 
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  Laitlyngkot-Wahkhen NH-6 (erstwhile NH-40) Shillong-
Guwahati Road 

Mawkajem-Lingkardem NH-6/AH1 (erstwhile NH-40) Laitlyngkot 
–Dawki Road 

Meso-scale (1:10,000) landslide susceptibility mapping along Kuliang-
Malidhar Road sector of NH-6 (erstwhile NH-44), East Jaintia Hills District, 
Meghalaya and Cachar District, Assam (Taken up in FS 2020-21). 

Manipur-
Nagaland (17) 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Patkai – Pherema NH-29  

Pherema – Zubza NH-29  

Amiphoto Colony to Hekiye 
Colony, Zunheboto 

Zunheboto 

Zubza – Kohima NH-29  

Tengnoupal Tengnoupal town  

Tengnoupal-Larong Tengnoupal town  

Viswema – Mao Gate NH-29  

Wokha town  Wokha town 

Mokokchung town Mokokchung town 

Hongbei-Kasom Khullen Ukhrul 

Naginimora-Wakching Mon  

Surohoto-Yehemi Zunheboto 

Kasom Khullen – Nampashi 
Khullen 

Ukhrul 

Kohima – Chakabama Kohima 

Maram-Peren road  Peren & Senapati 

Tengnoupal – Sita Tengnoupal 

Mesoscale landslide susceptibility mapping on 1:10,000 scale along 
Tengnoupal-Sita Road in parts of Toposheet No. 83L/03 in Tengnoupal 
District, Manipur (Taken up in FS 2020-21). 

Tripura-Mizoram 

 (27) 

  

  

  

  

  

State highway connecting 
Thenzawl and Buarpui in parts of 
Toposheet no. 84 A/11, in Lunglei 
and Serchhip district, Mizoram. 

SH 

NH-06 (Aizawl-Champhai road) 
between Seling and Keifang, 
Aizawl district, Mizoram 

NH06 

Lunglei-Thenzawl road, between 
Haulawng and Buangpui, in parts 
of Lunglei and Serchhip districts, 

SH 
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Mizoram. 

Lunglei-Thenzawl road, between 
Lunglei town and Mausen, Lunglei 
district, Mizoram. 

SH 

NH-54 between Thingfal to 
Lawngtlai, Lawngtlai district. 

NH54 

NH-54 between Hunthar  to 
Rangvamual,  Aizawl district. 

SH 

NH-54 between Seling  to 
Serchhip,  Aizawl district 

NH54 

South of Kawnpui and East of 
Behliangchhip, North Tripura 
district. 

SH 

Ngopa village in the western slope 
of Zero point, Champai district 
Mizoram. 

SH 

Phullen- Saitual road champai 
district, Mizoram  

SH 

NH-54, Sailutan-Ratu-Damdial, 
Aizawl district, Mizoram 

NH54 

NH-54, Bualpui to Kawnpui, 
Kolasib district, Mizoram 

NH54 

North Chatlang to Bukpui Aizawl 
district, Mizoram. 

SH 

Siuth west of Kawruhlian and 
North of Mualmam  Aizawl district, 
Mizoram. 

 

Road section between 
Rawpuichhip and Dapchhuah,  
Aizawl district, Mizoram. 

SH 

Road section between 
Rawpuichhip and Dapchhuah,  
Aizawl district, Mizoram. 

SH 

Road section between 
Rawpuichhip and Dapchhuah,  
Aizawl district, Mizoram. 

SH 

Road section between 
Rawpuichhip and Dapchhuah,  
Aizawl district, Mizoram. 

SH 

Road section between 
Rawpuichhip and Dapchhuah,  
Aizawl district, Mizoram. 

SH 
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Road section between 
Rawpuichhip and Dapchhuah,  
Aizawl district, Mizoram. 

SH 

State high way from  Lungsai- 
Thaik-Sumsuih,  Aizawl district, 
Mizoram. 

SH 

State high way from   Khawzawl to 
Ngaizawl  Champhai district, 
Mizoram. 

SH 

Champhai- Zote-Ngur-Vapan-
Hnahlan-Khargphah road, 
Champhai  district, Mizoram. 

SH 

State high way from  Khankawn- 
new Champhai by pass road, 
Champhai  district, Mizoram. 

SH 

State high way from   Mualkawi to 
Zokhawthar, Champhai  district, 
Mizoram. 

SH 

Meso-scale (1:10K) Landslide susceptibility mapping along the state highway 
connecting Thenzawl and Buarpui in parts of T.S no. 84 A/11, in Lunglei and 
Serchhip district, Mizoram (Taken up in FS 2020-21). 

Meso-scale (1:10K) Landslide susceptibility mapping along Lunglei-Thenzawl 
road, between Lunglei town and Mausen, Lunglei district, Mizoram (Taken up 
in FS 2020-21). 

Sikkim (14) 

  

  

  

  

  

  

  

  

  

  

  

  

Chungthang-Lachen North Sikkim SH 

Khedum-Lachung North Sikkim SH 

Rangrang-Singhik North Sikkim SH 

Dikchu-Rangrang North Sikkim SH 

Rangpo-Rorathang East Sikkim SH 

Peling-Dentam West Sikkim SH 

Rawangla-Yangyang South 
Sikkim 

SH 

Namchi-Rawangla South Sikkim SH 

Jorethang-Legship South & West 
Sikkim 

SH 

Melli-Jorethang South Sikkim SH 

Tarku-Rawangla South Sikkim SH 

Legship-Rawangla South Sikkim SH 

Jorethang-Namchi South Sikkim SH 
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Meso-scale (1:10,000) Landslide Susceptibility Mapping along Dentam – 
Peling Road Corridor, West District, Sikkim (Taken up in FS 2020-21). 

West Bengal 
(02) 

National Highway 55 (Sukna-
Darjeeling) 

NH 

National Highway 10 (old NH-31A) NH 

Uttarkhand 

 (09) 

  

  

  

  

Guptkashi-Gaurikund Sector 
(Keadrnath route) 

 NH109 

Pipalkoti – Helang–Animath 
Sector (Badrinath route) 

 NH58 

Alaknanda bridge (Joshimath)- 
Vishnugad -Binakuli Sector 
(Badrinath route) 

 NH58 

Netala -Bhatwadi Sector(Gangotri 
Sector) 

NH-108 

Naugaon - Barkot -Hanuman 
Chatti Sector (Yamnotri Route) 

NH123 

Chamba -Dunda -Matli Sector 
(Gangotri Route) 

NH108 

Meso Scale (1:10K) Landslide susceptibility corridor mapping along Baltal-
Shri Amarnath Ji Cave - Poshpatri route, Ganderbal district, Jammu and 
Kashmir. (On expedition basis) 

Meso scale (1:10,000) landslide susceptibility mapping along Byasi-Gauchar 
road sector on Rishikesh-Badrinath Highway in parts of Pauri Garhwal and 
Chamoli districts, Uttarakhand. 

Meso scale (1:10,000) landslide susceptibility mapping along Shrinagar-
Gauchar road sector on Rishikesh-Badrinath Highway in parts of Pauri 
Garhwal and Chamoli districts, Uttarakhand. 

Himachal 
Pradesh (11) 

  

  

  

  

  

  

  

Mandi-Padhar   Mandi-Jogindernagar-Pathankot NH-154  

Padhar-Jogindernagar  NH-154  

Pandoh to Aut NH 305 

Rampur to Recong Peo Along NH-22  

Recong Peo to Khab Along NH-22  

Tabo to Kaza Along NH-22  

Dharamshala - McLeodganj Along NH-503  

Parwanoo-Solan Along NH-22 

Meso Scale (1:10,000) Landslide Susceptibility Mapping and preparation of 
landslide inventory along Julikot - Suru road corridor, Shimla District, 
Himachal Pradesh (Taken up in FS 2020-21). 

Meso Scale (1:10,000) landslide susceptibility mapping and preparation of 
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landslide inventory of Nahan and its adjoining areas, Sirmaur district, 
Himachal Pradesh (Taken up in FS 2020-21). 

Meso Scale (1:10,000) Landslide Susceptibility Mapping and preparation of 
landslide inventory along Manali –Palcham - Marhi road corridor, Kullu 
District, Himachal Pradesh (Taken up in FS 2020-21). 

Jammu and 
Kashmir (08) 

  

  

  

  

Basohli-Boond-Bani   SH 

Banihal to Ramban NH-44 

Katra to Shri Mata Veshno devi Ji Yatra route from Katra to Bhavan 

Udhampur to Chaneni NH-44 

Nashri to Ramban NH-44 

Meso Scale (1:10K) Landslide susceptibility corridor mapping between 
Ramban and Banihal along NH-44, Ramban District, Jammu and Kashmir 
(Taken up in FS 2020-21). 

Meso Scale (1:10K) Landslide susceptibility mapping in and around Batote 
Urban area and surroundings, Ramban district, Jammu and Kashmir (Taken 
up in FS 2020-21). 

Meso Scale (1:10K) Landslide susceptibility corridor mapping of Pahalgam-
Poshpatri route along Shri Amaranath Yatra route, Anantnag district, Jammu 
and Kashmir. (On expedition basis) (Taken up in FS 2020-21). 

 

Annex-4: PDF of the article concerning Engineering Geology Mapping by Razos, D, 
Koukis, G, Sabatakakis, N, 2006: IAEG2006 Paper Number 241; The Geological 
Society of London 

Annex-5: Details about Geomorphon/ Landform map  

Annex-6: PDF of the article on runout impact probability by Mergili, M., Krenn, J., Chu, 
H. J., 2015: r.randomwalk v1, a multi-functional conceptual tool for mass movement 
routing. Geosci. Model Dev., 8, 4027–4043, 2015 www.geosci-model-
dev.net/8/4027/2015/ doi:10.5194/gmd-8-4027-2015 

 
----------------- 
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HOW TO PREPARE GEOMORPHON MAP IN GRASS USING LINUX 

OPERATING SYSTM 

Geomorphon is a new concept of presentation and analysis of terrain forms. This concept 

utilises 8-tuple pattern of the visibility neighbourhood and breaks well known limitation of 

standard calculus approach where all terrain forms cannot be detected in a single window size. 

 

The pattern arises from a comparison of a focus pixel with its eight neighbors starting from the 

one located to the east and continuing counter clock wise producing ternary operator. For 

example, a tuple {+,-,-,-,0,+,+,+} describes one possible pattern of relative measures {higher, 

lower, lower, lower, equal, higher, higher, higher} for pixels surrounding the focus pixel. It is 

important to stress that the visibility neighbors are not necessarily an immediate neighbors of 

the focus pixel in the grid, but the pixels determined from the line-of-sight principle along the 

eight principal directions. This principle relates surface relief and horizontal distance by means 

of so-called zenith and nadir angles along the eight principal compass directions. The ternary 

operator converts the information contained in all the pairs of zenith and nadir angles into the 

ternary pattern (8-tuple). The result depends on the values of two parameters: search radius (L) 

and relief threshold (d). The search radius is the maximum allowable distance for calculation 

of zenith and nadir angles. The relief threshold is a minimum value of difference between LOSs 

angle (zenith and nadir) that is considered significantly different from the horizon. Two lines-

of-sight are necessary due to zenith LOS only, does not detect positive forms correctly. 

There are 38 = 6561 possible ternary patterns (8-tuplets). However by eliminating all patterns 

that are results of either rotation or reflection of other patterns wa set of 498 patterns remain 

referred as geomorphons. This is a comprehensive and exhaustive set of idealized landforms 

that are independent of the size, relief, and orientation of the actual landform. 

Form recognition depends on two free parameters: Search radius and flatness threshold. Using 

larger values of L and is tantamount to terrain classification from a higher and wider 

perspective, whereas using smaller values of L and is tantamount to terrain classification from 

a local point of view. A character of the map depends on the value of L. Using small value of 

L results in the map that correctly identifies landforms if their size is smaller than L; landforms 

having larger sizes are broken down into components. Using larger values of L allows 

simultaneous identification of landforms on variety of sizes in expense of recognition smaller, 

second-order forms. There are two additional parameters: skip radius used to eliminate impact 

of small irregularities. On the contrary flatness distance eliminates the impact of very high 
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distance (in meters) of search radius which may not detect elevation difference if this is at very 

far distance. Important especially with low resolution DEMS. 
Steps to prepare the landform map is as follows:  

1. Open GRSS GIS by double clicking the icon  

 

Browse the file from database directory, choose a folder or create new folder to work 



 

Click on  new file in select grass location option 

 

Either browse GIS data directory or continue with the default name datagrass, then click on next  

 



 

Click next option and choose EPSG code (EPSG stands for European Petroleum Survey Group) or 

you can type known WGS or UTM zone software will browse the EPSG code. For example for WGS 

1984 UTM ZONE 45N the EPSG code is 32445 

 

Search UTM zone and EPSG code will come  



 

Click on next option a select datum transformation window will open click on OK option.  

 

 

Click finish 



 

Click on New option and create new mapset window will appear, type mapset name for example 

user. Then start GRASS session  

 

(GRASS is having two window left is layer manager and right one is display window) Click on File 

option  



 

Then click on the import raster data  

 

 

Click on simplified raster import with reprojection (r.import).  



 

Browse the file  

 

Select the DEM from the folder  



 

Click on the import option 

 

In the console option command can be seen.  



 

In the data option different data can be seen.  

 

Click on the setting option on the upper menu bar then computational region then click on set 

region option (g.region) 



 

Click on the set region to match raster map(s), choose carto_dem from mapset:User. Click on the run 

option  

 

Dem is visible in display window   



 

Click on raster option then on terrain analysis 

 

Click on Landform (r.geomorphon) option, r. geomorphon display window will open  



 

choose the raster map   

 

Choose the carto_dem in Mapset:dem 



 

Change the Outer search radius to 10, (if the output is not matching with the terrain condition 

change the outer search radius 25 or 30). Use different search radius to obtain the desired terrain 

map.  

 

Change flatness threshold 2 



 

Leave other options as default.  

 

Click on pattern option 



 

Write the name landform in most common geomorphic form, leave other options as it is   

 

Click on the geometry option if you want to prepare other maps  



 

Write the names as shown intensity=name, exposition=name, range=name, variance=name, 

elongation=name, azimuth=name, write the names if you want to prepare these maps otherwise 

don’t write anything leave it as it is (not mandatory fields). Click on the run option.  

 

 

Display window showing the landform map 



 

In the layer option you can see the landform@User layer 

 

Right click on the landform@User map and click on export option.  



 

Browse the folder.  

 

Here I have browse the same datagrass folder.  



 

Write the name of the map with extension example lanlform.tiff 

 

Click on run option. The map is exported in the desired folder. Now that map can be seen in Q GIS 

and ARCH GIS.  



 

Open ARCH GIS and connect to the folder (example datagrass) in which we have export the landform 

map.  

 



 

Open the map directly by dragging the layer.  The map will shoe 0- 255 classes.  

 

 

Right click on the landform layer in table of content and click on properties.  



 

Click on  classified and in classes wright 10 

 

This is the final classified landform map.  

The map is classified into ten classes. The class name with respect to value is as follows: 

 1 = Flat        

 2 = Summit 

 3 = Ridge 

 4 =Shoulder 

 5 = Spur 

 6 = Slope 

 7 =Hollow 

 8 = Footslope 



 9 =Valley 

 10 = Depression 

 

(NOTE : If the map is not matching or suitable with the field condition please change 

the outer search radius 25 in case of 10m carto DEM and follow the same methodology)  
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Abstract. We introduce r.randomwalk, a flexible and multi-

functional open-source tool for backward and forward anal-

yses of mass movement propagation. r.randomwalk builds

on GRASS GIS (Geographic Resources Analysis Support

System – Geographic Information System), the R software

for statistical computing and the programming languages

Python and C. Using constrained random walks, mass points

are routed from defined release pixels of one to many mass

movements through a digital elevation model until a defined

break criterion is reached. Compared to existing tools, the

major innovative features of r.randomwalk are (i) multiple

break criteria can be combined to compute an impact in-

dicator score; (ii) the uncertainties of break criteria can be

included by performing multiple parallel computations with

randomized parameter sets, resulting in an impact indicator

index in the range 0–1; (iii) built-in functions for validation

and visualization of the results are provided; (iv) observed

landslides can be back analysed to derive the density dis-

tribution of the observed angles of reach. This distribution

can be employed to compute impact probabilities for each

pixel. Further, impact indicator scores and probabilities can

be combined with release indicator scores or probabilities,

and with exposure indicator scores. We demonstrate the key

functionalities of r.randomwalk for (i) a single event, the

Acheron rock avalanche in New Zealand; (ii) landslides in

a 61.5 km2 study area in the Kao Ping Watershed, Taiwan;

and (iii) lake outburst floods in a 2106 km2 area in the Gunt

Valley, Tajikistan.

1 Introduction

Mass movement processes such as landslides, debris flows,

rock avalanches, or snow avalanches may lead to damages

or even disasters when interacting with society. Computer

models predicting travel distances, hazardous areas, impact

energies, or travel times may help the society to mitigate the

effects of such processes and, consequently, to reduce the risk

and the losses (Hungr et al., 2005).

Physically based dynamic models are used for in-detailed

analyses of specific events or situations (e.g., Savage and

Hutter, 1989; Takahashi et al., 1992; Iverson, 1997; Puda-

saini and Hutter, 2007; McDougall and Hungr, 2004, 2005;

Pitman and Le, 2005; Christen et al., 2010a, b; Mergili

et al., 2012b; Pudasaini, 2012; Hergarten and Robl, 2015;

Mergili et al., 2015). Since the processes are complex in de-

tail and the input parameters are uncertain, simplified con-

ceptual models for the motion of mass flows are today used

in combination with GIS (Geographic Information System).

These models may be used for single events. However, they

are particularly useful to indicate potential impact areas at

broader scales. Hypothetic mass points are routed from a re-

lease pixel through a digital elevation model (DEM) until a

defined break criterion is reached. Monte Carlo techniques

(random walks, Pearson, 1905; Gamma, 2000) or multiple

flow direction algorithms (Horton et al., 2013) are employed

to simulate the lateral spreading of the flow.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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The break criteria often consist in threshold values of the

angle of reach (i.e., the average slope of the path) or hori-

zontal and vertical distances (Lied and Bakkehøi, 1980; Van-

dre, 1985; McClung and Lied, 1987; Burton and Bathurst,

1998; Corominas et al., 2003; Haeberli, 1983; Zimmermann

et al., 1997; Huggel et al., 2002, 2003, 2004a, b), sometimes

related to volume (Rickenmann, 1999; Scheidl and Ricken-

mann, 2010). However, those relationships usually display a

large degree of scatter. Further, key parameters for design is-

sues, such as impact pressures, are not provided (Hungr et

al., 2005).

Some approaches include simplified physically

based models going back to the mass flow model of

Voellmy (1955), relating the shear traction to the square of

the velocity and assuming an additional Coulomb friction

effect (Pudasaini and Hutter, 2007). They consider only the

centre of the flowing mass, but not its deformation and the

spatial distribution of the flow variables. This type of models

is mainly used for snow avalanches and debris flows (Perla

et al., 1980; Gamma, 2000; Wichmann and Becht, 2003;

Mergili et al., 2012a; Horton et al., 2013).

Various – mostly open-source – software tools for concep-

tual modelling of mass movements (mainly flows) at medium

or broad scales are available (e.g., Gamma, 2000; Wich-

mann and Becht, 2003; Mergili et al., 2012a; Horton et al.,

2013). However, most of these tools lack substantial fea-

tures: (i) they are limited to one single type of break criterion;

(ii) they do not allow one to directly account for the uncer-

tainty of the break criteria; (iii) they do not allow one to back

calculate the statistics of a set of observed mass movements;

and (iv) they do not offer built-in functionalities for evaluat-

ing the model results against observations. Consequently, the

key objectives of the present study are

– to introduce r.randomwalk, a freely available, compre-

hensive and flexible tool for routing mass movements;

– to demonstrate the various functionalities of

r.randomwalk, particularly in terms of overcoming

the issues (i)–(iv);

– to discuss the potentials and limitations of this tool.

Next, we will describe the r.randomwalk software tool

(Sect. 2). Furthermore, we will present the test areas and the

results (Sect. 3). Finally, we will discuss the findings (Sect. 4)

and conclude with some key messages of the work (Sect. 5).

2 The r.randomwalk application

2.1 Computational implementation

r.randomwalk is implemented as a raster module of the open-

source software package GRASS (Geographic Resources

Analysis Support System) GIS 7 (Neteler and Mitasova,

2007; GRASS Development Team, 2015). We use the Python

programming language for data management, pre-processing

and post-processing tasks (module r.randomwalk). The rout-

ing procedure (see Sect. 2.2–2.4) is written in the C pro-

gramming language (sub-module r.randomwalk.main). The

R software environment for statistical computing and graph-

ics (R Core Team, 2015) is employed for built-in validation

and visualization functions (see Sect. 2.5). Parallelization of

multiple model runs is enabled. It allows for the exploitation

of all computational cores available, speeding up analysis

processes. The parallelization procedure is implemented at

the Python level (analogous to the way described in Mergili

et al., 2014): the module r.randomwalk produces a batch file

for each model run. This batch file calls the Python-based

sub-module r.randomwalk.mult, which is then used to launch

r.randomwalk.main with the specific parameters for the asso-

ciated model run. Thereby, the Python library “Threading”,

a higher-level threading interface, and the Python module

“Queue”, a class helping to block execution until all the items

in the queue have been processed, are exploited. Parallel pro-

cessing serves for reducing the computational time in the fol-

lowing contexts:

– Analyses with multiple random subsets of the release

areas or coordinates. In each model run, one subset is

used for back calculating the probability density func-

tion (PDF) of the angle of reach, the other subset is

employed for validating the distribution of the impact

probability derived with this PDF against the observed

deposition areas.

– Analyses with multiple combinations of input parame-

ters varied in a controlled or randomized way, enabling

one to consider parameter uncertainties and to explore

parameter sensitivity.

r.randomwalk was developed and tested with

Ubuntu 12.04 LTS and is expected to also work on

other UNIX systems. A simple user interface is available.

However, the tool may be started more efficiently through

command line parameters, enabling a straightforward batch-

ing on the shell script level. This feature facilitates model

testing, the combination with other GRASS GIS modules

and the consideration of process chains (i.e., using the output

of one analysis as the input for the next one). The logical

framework is illustrated in Fig. 1, the key variables used in

r.randomwalk are summarized in Table 1.

All tests (see Sect. 3) are performed on an Intel®

Core i7 975 with 3.33 GHz and 16 GB RAM (DDR3, PC3-

1333 MHz), exploring a maximum of eight cores through hy-

perthreading.

2.2 Random walk routing

The term random walk refers to a Monte Carlo approach

for routing an object through any type of space. The term

was introduced by Pearson (1905). Constrained random
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Figure 1. Logical framework of r.randomwalk. Only those compo-

nents covered in the present article are shown.

walk approaches are used for routing mass movements such

as debris flows through elevation maps (DEMs), e.g. by

Gamma (2000), Wichmann and Becht (2003), Mergili et

al. (2012a), and Gruber and Mergili (2013). Such methods

enable a certain degree of spreading of the movement by

also considering other routing directions than the steepest de-

scent. It avoids the concentration of flows – or any other types

of mass movements – to linear features, which would not

be realistic for debris flows, snow avalanches, or other types

of mass movements. However, the routing is constrained or

weighted by factors such as the slope or the perpetuation of

the flow direction. An alternative to constrained random walk

routing would consist in a multiple flow direction algorithm

(Horton et al., 2013).

In the context of r.randomwalk, each random walk routes a

hypothetic mass point from a release pixel through the DEM

until a break criterion is reached (see Sect. 2.3). A large set

of random walks is required for each mass point in order

to achieve a satisfactory cover of the possible impact area.

r.randomwalk is designed for

– one set of random walks for one mass movement, start-

ing from a defined set of coordinates;

– multiple sets of random walks for one mass movement,

one set starting from each pixel of the release area;

– sets of random walks for multiple mass movements in

a study area (either starting from one set of coordinates

per mass movement, or from all pixels defined as release

areas);

– one set of random walks starting from each pixel in the

study area.

Overlay rules for different random walks and sets of ran-

dom walks are applied (see Sect. 2.4).

Figure 2. Control length Lctrl and segment length Lseg. (a) Appli-

cation of Lctrl to avoid sharp bending of the flow. (b) Smoothing

of the flow path by introducing segments with maximum length of

Lseg.

During the pixel-to-pixel routing procedure, turns of > 90◦

are not supported. Neighbour pixels are further considered

invalid as target pixels in case they are out of the study area

or conflict with at least one of the following limitations:

– In order to constrain upward movements, a user-defined

maximum vertical run-up height Rmax is introduced. It

takes the lowest elevation the random walk has passed

through as reference.

– Certain types of mass flows (i.e., those with high vis-

cosity) hardly change their flow direction sharply. The

user-defined horizontal control distance Lctrl defines the

backward distance of each step over which the horizon-

tal distance of motion has to increase (Fig. 2a).

The probability Ppx of any other neighbour pixel px to be-

come the target pixel is

Ppx =
ppx

qx=n∑
qx=1

pqx

, p = fde
fβ tanβ , (1)

where n is the total number of valid neighbour pixels, and

β is the local slope between the current pixel and the con-

sidered neighbour pixel. fd and fβ are weighting factors for

the perpetuation of the flow direction and for the slope. fd

is governed by the input parameter d: fd = d
2 for the same

flow direction as the previous one, fd = d for a 45◦ turn and

fd = 1 for a 90◦ turn.
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Table 1. Summary of the key variables used in r.randomwalk.

Symbol Unit Name Description/remarks

[range]

Input

nwalks −[≥ 0] Size of a set of walks Logarithm (base of 10) of the number of random walks

Lctrl m [> 0] Control length Backward distance of each step of a random walk over which

the horizontal distance of motion has to increase (see Fig. 2a)

Lseg m [> 0] Segment length Length of segments used for computing Lmax (see Fig. 2b)

Rmax m [≥ 0] Maximum vertical run-up height –

fd −[≥ 1] Direction factor Factor for weighting the perpetuation of the movement direction

during routing

fβ −[≥ 0] Slope factor Factor for weighting the slope during routing

V m3 [> 0] Movement volume –

Qp m3 s−1 [> 0] Peak discharge Applicable to lake outburst events (see Table 3)

a,b,c – [ ] – Parameters needed by the rules and relationships applied (see

Table 3)

PR −[0–1] Release probability Spatial probability that a mass movement is released from a

given pixel (Mergili and Chu, 2015)

RIS −[≥ 0] Release indicator score Ordinal score denoting the tendency of a pixel to produce a mass

movement

EIS −[≥ 0] Exposure indicator score Ordinal score denoting the exposed values at a given pixel

Output

Lmax m [≥ 0] Travel distance Horizontal distance between the release pixel and the most dis-

tant pixel reached by a set of random walks, measured along the

segments of the path (see Fig. 2b)

Z m [≥ 0] Elevation loss Vertical distance between the release pixel and the most distant

pixel reached by a set of random walks

ωT
◦ [< |90|] Angle of reach Average slope angle measured between the release pixel and the

most distant pixel reached by a set of random walks

IF −[≥ 0] Impact frequency Number of random walks impacting a given pixel

IIS −[≥ 0] Impact indicator score Number of rules and relationships predicting an impact on a

given pixel

IHIS −[≥ 0] Impact hazard indicator score Ordinal score serving as a qualitative surrogate for the hazard

of an impact on a given pixel

III −[0–1] Impact indicator index Fraction of model runs impacting a given pixel out of all model

runs

PI −[0–1] Impact probability Spatial probability that a given pixel is impacted, building on

user-defined release areas and a cumulative density function

PI,C −[0–1] Composite probability Spatial probability that a given pixel is impacted, building on

PR and PI (Mergili and Chu, 2015)

IRIS −[≥ 0] Impact risk indicator score Ordinal score denoting the expected/potential loss at a given

pixel
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Table 2. Possibilities to define the break criteria. The flags provided through the command line or the user interface define the type of break

criterion. RC is release coordinates (release from highest points of release areas), RP is release pixels (release from all pixels within release

areas), • is relevant for most applications, and ◦ is relevant for some applications.

Flag Mode Release Output Validation Multiple cores

RC RP

q Published relationships (see Table 3) • IIS ◦

m Published relationship, multiple runs • III ◦ •

p Impact probability ◦ ◦ PI ◦

p+ n Impact probability, multiple runs ◦ ◦ PI • •

b Reconstruction of observation ◦ ◦ CDF

The break criteria for the random walks (see Sect. 2.3) are

directly or indirectly related to the travel distance Lmax i.e.,

the horizontal length between the release pixel and the ter-

minal pixel measured along the flow path. Preliminary tests

reveal that random walk routing through raster maps may re-

sult in quite uneven flow paths (see Fig. 2b). Consequently,

the distance calculated by summing up all the pixel-to-pixel

distances may be significantly longer than the more relevant

distance along the observed main flow paths. Employing the

sums of the pixel-to-pixel distances would lead to an under-

estimation of the angle of reach and, consequently, of the pre-

dicted travel distances and impact areas. We approach this

problem by dividing the flow paths into straight segments

with a user-defined maximum length of Lseg. The travel dis-

tance Lmax is defined as the sum of the length of all segments

(see Fig. 2b). Larger values of Lseg are expected to result in

shorter travel distances due to the more pronounced smooth-

ing of the path.

2.3 Break criteria

Each random walk continues until at least one neighbour

pixel is outside the study area, or until the user-defined break

criterion is fulfilled. The break criteria are the key parameters

for estimating the mass flow impact areas and can be defined

in various ways (Table 2):

– The angle of reach ωT or the maximum travel distance

Lmax is computed from empirical–statistical rules or re-

lationships, based on the analysis of observed events

(Table 3). They usually refer to the distance between

the highest spot of the release area and the most dis-

tant spot of the impact area along the flow path (the

Fahrböschung according to Heim, 1932). Consequently,

random walks using this type of break criterion have

to start from the set of coordinates defining the highest

point of the observed or expected mass movement. Al-

ternatively, also a semi-deterministic model (Perla et al.,

1980) can be used.

– Empirical–statistical relationships or the semi-

deterministic model may be applied in a large number

of parallel computations with randomized values of

the parameters a, b and c (see Fig. 1 and Table 3).

This allows one to explore the effects of uncertainties

in the relationships. Only one type of relationship is

considered at once, and the output consists in a raster

map of the impact indicator index III in the range 0–1,

representing the fraction of tested parameter combi-

nations predicting an impact on the pixel (i.e., where

impact indicator score (IIS)= 1). Further, the results of

all model runs are stored in a way ready to be analysed

with the parameter sensitivity and optimization tool

AIMEC (Automated Indicator-based Model Evaluation

and Comparison; Fischer, 2013).

– An impact probability raster map PI in the range 0–1 is

computed from a user-defined sample of observed val-

ues of tan(ωT ), which is employed to build a cumulative

density function (CDF). The CDF represents the prob-

ability that the movement reaches the pixel associated

with each value of tan(ωT ). The sample of observed val-

ues may be divided into one subset of mass movements

for building the CDF, and another one for computing PI.

This ensures a clear separation between parameter op-

timization and model validation (see Sect. 2.5). Parallel

processing may be used to repeat the analysis for many

random subsets in order to achieve a more robust result.

– If an inventory of events is available, the observed im-

pact areas may be back calculated by routing each ran-

dom walk until it leaves the observed impact area of the

corresponding mass movement. This mode can be used

to explore the statistical distribution of ωT . The result-

ing CDF can be used as input to estimate PI.

2.4 Overlay of random walk results

The overlay of individual random walks operates at two lev-

els:

1. Random walks of the same mass point: impact fre-

quency (IF) is increased by 1 for each random walk pre-

dicting an impact. IIS is increased by 1 for each model

where at least 1 random walk predicts an impact. The

average angle of path – and therefore also PI – is derived
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Table 3. Types of rules and relationships supported by r.randomwalk. ωT is angle of reach, Lmax is travel distance, V is volume of motion,

Z is elevation loss, Qp is peak discharge at release, and vT is velocity at termination.

ID Equation Examples

Reference Process a b c

1 ωT = a (2) Haeberli (1983); Debris flow from GLOF 11

Huggel et al. (2002)

2 log10 tanωT = alog10V + b (3) Scheidegger (1973) Rock avalanche −0.15666 0.62419

3 Lmax = aV
bZc (4) Rickenmann (1999) Debris flow 1.9 0.16 0.83

4 ωT = aQ
b
p (5) Huggel (2004) GLOF 18 −0.07

5 vT = 0 (6) Perla et al. (1980)

from the random walk with the shortest travel distance

(i.e., the straightest flow path and the highest value of

ω) at the considered pixel.

2. Sets of random walks for different mass points: the val-

ues of IF for all random walks impacting a pixel are just

added up whilst the maximum of IIS is applied to each

pixel. The issue gets more complex when it comes to

PI: depending on the specific application, the maximum

or the average out of all sets of random walks is more

appropriate.

The resulting maps of PI or IIS can be automatically over-

laid with a release probability (PR; result: composite prob-

ability PI,C; Mergili and Chu, 2015) or a release indicator

score (RIS; result: impact hazard indicator score – IHIS), and

with an exposure indicator score (EIS) derived from the land

cover (result: impact risk indicator score – IRIS; see Table 1).

These steps are not further considered in this article and are

therefore not shown in Fig. 1.

2.5 Validation

r.randomwalk includes three possibilities for validation of

the model results. All three build on the availability of a

raster map of the observed deposition area of the mass move-

ment(s) under investigation. All parts of the observed impact

areas outside of the observed deposition areas are set to no

data (Fig. 3).

– For IIS, the true positive (TP), true negative (TN), false

positive (FP), and false negative (FN) predictions are

counted on the basis of pixels and put in relation. All

pixels with IIS≥ 1 are considered as observed positives

(OP); all pixels with IIS= 0 are considered as observed

negatives (ON).

– ROC (receiver operating characteristics) plots are pro-

duced for III or PI: the true positive rate rTP (TP/OP)

is plotted against the false positive rate rFP (FP/ON) for

various levels of III or PI. The area under the curve con-

necting the resulting points, AUCROC, is used as an indi-

cator for the quality of the prediction (see Fig. 3). If the

Figure 3. Model validation with an ROC plot, relating the false pos-

itive rate rFP and the true positive rate rTP. This way of validation

is suitable for predictor raster maps in the range 0–1, such as III or

PI. It can also be used for binary predictor maps (0 or 1). In such a

case AUCROC is computed from two threshold levels only.

CDF for PI is derived from the same set of landslides,

r.randomwalk includes the option to randomly split the

set of observed landslides into a set for parameter opti-

mization, and one for validation. This is done for a user-

defined number of times, exploiting multiple processors

(see Sect. 2.3 and Fig. 1). It results in an ROC plot with

multiple curves. Note that two ROC plots are produced:

one of them builds on the original number of TN pix-

els. For the other one, the number of ON pixels is set

to 5 times the number of OP pixels. Whilst the num-

ber of FP pixels remains unchanged, the number of TN

pixels is modified accordingly. This procedure aims at

normalizing the ROC curves in order to enable a com-

parison of the prediction qualities yielded for different

study areas.

– If only one mass movement is considered, a longitudi-

nal profile may be defined by a set of coordinates of

the profile vertices. The observed and predicted (IIS≥ 1

or PI > 0) travel distances are measured and compared

along this profile.
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3 Test cases and results

3.1 Acheron rock avalanche, New Zealand

3.1.1 Area description and model parameterization

The Acheron rock avalanche in Canterbury, New Zealand

(Fig. 4), was triggered approx. 1100 years BP (Smith et

al., 2006). Within the present study, the release volume,

V = 6.4 million m3, is approximated from the reconstruction

of the pre-failure topography and is lower than the value of

V = 7.5 million m3 estimated by Smith et al. (2006). We use

a 10 m resolution DEM derived by stereo-matching of aerial

photographs. Impact, release and deposition areas are derived

from field and imagery interpretation as well as from data

published by Smith et al. (2006). All random walks start from

the highest pixel of the release area.

We use this case study for demonstrating how to compute

the impact indicator index III from an elevation map, the re-

lease area, and the release volume. Before doing so, we have

to analyse the influence of the pixel size and the parame-

ters nwalks, Rmax, Lctrl, Lseg, fβ , and fd on the model result.

Preliminary tests have shown that r.randomwalk yields plau-

sible results with the number of random walks: nwalks = 104,

Rmax = 10 m, Lctrl = 1000 m, Lseg = 100 m, fβ = 5, fd = 2,

and a pixel size of 20 m. These values are taken as a basis

to explore the sensitivity of the model results to the varia-

tion of each parameter and the best fit of the parameters in

terms of the travel distance, AUCROC, and the size of the

predicted impact area (Table 4). ωT = 11.62◦ , the angle of

reach observed for the Acheron rock avalanche, is applied as

the break criterion for all tests. Some of the tests are run in

the back-calculation mode (flag b; see Tables 2 and 4).

III is computed by executing r.randomwalk 100 times,

with the parameter values optimized according to Table 4.

We explore an empirical–statistical relationship for ωT de-

rived from a compilation of 127 case studies (Fig. 5). The

offset of the equation (b in Eq. 4 and Fig. 5) is randomly sam-

pled between the lower and upper envelopes of the regres-

sion. The quality of the prediction is evaluated using the ROC

plot (see Figs. 1 and 3). Note that the Acheron rock avalanche

(not included in the relationship developed in Fig. 5) is found

close to the lower envelope, meaning that it was very mobile

compared to most of the other events.

3.1.2 Results

Figure 6 summarizes the findings of the test s 1–3 (see Ta-

ble 4). Test 1 leads to the expected result that the predicted

impact area increases with the number of random walks.

However, the predicted impact area is also a function of the

pixel size: with larger pixels, less random walks are needed

to cover an area of similar size than with smaller pixels. Fig-

ure 6a further indicates that the possible impact area is not

fully covered even at 105 random walks: no substantial flat-

Figure 4. Acheron rock avalanche. (a) Panoramic view; photo:

M. Mergili, 28 February 2015. (b) Location and geometry.

Figure 5. Empirical–statistical relationship relating the angle of

reach ωT to the volume V of avalanching flows of rock or debris.

The data are compiled from Scheidegger (1973), Legros (2002), Jib-

son et al. (2006), Evans et al. (2009), Sosio et al. (2012), and Guo

et al. (2014).

tening of the curves is observed. We conclude that (i) a very

high value of nwalks would be necessary to fully cover the

possible impact area, and (ii) this would lead to a substantial

overestimation of the observed impact area.

On the other hand, the quality of the prediction in terms

of AUCROC reaches a maximum at nwalks ≈ 102 (pixel size

40 m) or nwalks ≈ 103 (pixel size 20 m), decreasing with

higher values of nwalks. At a pixel size of 10 m, AUCROC

reaches a constant level at nwalks ≈ 104 (see Fig. 6b). We

may conclude that excessive numbers of random walks lead
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Table 4. Tests of the parameters nwalks, Lctrl, Lseg, Rmax, fβ , fd, and the pixel size. Where ranges of values are given in bold, the model

is run with 100 random samples constrained by the minima and maxima indicated. Where values given in bold are separated by commas, in

these cases exactly these values are tested.

Test nwalks Lctrl (m) Lseg (m) Rmax (m) fβ fd Pixel size (m)

11,3 100–106 1000 100 10 5 2 10, 20, 40

22 104 50, 1000 10–150 1000 5 2 10, 20, 40

31,2,3 104 50–10002 100 10002 5 2 10, 20, 402

1000–40001,3 101,3 201,3

41,3 104 1000 100 0–120 5 2 20

51,3 104 1000 100 10 0–10 2 20

61,3 104 1000 100 10 5 1–10 20

Test criteria: 1 impact area; 2 travel distance Lmax (flag b); 3 AUCROC.

Figure 6. Results of the tests 1–3 (number of test indicated in the yellow circle). Number of random walks plotted against (a) the impact

area and (b) the area under the ROC curve. (c) Computed travel distance Lmax as a function of Lseg (in the legend, the corresponding value

of Lctrl is given in parentheses). (d) Computed Lmax as a function of Lctrl.

to an overestimation of the impact area rather than to a better

prediction quality. Coarser pixel sizes allow one to achieve

the same level of coverage and the same prediction quality at

lower values of nwalks. However, the pixel size has to be fine

enough to account for the main geometric characteristics of

the process under investigation (see Sect. 4). All further tests

are performed with nwalks = 104.

Figure 6c illustrates that, at Lctrl = 1000 m, the travel dis-

tance computed within the observed impact area decreases

with increasing values of Lseg (tests 2 and 3 in Table 4).

This pattern is well explained by Fig. 2b. At short segment

lengths, the effects of flow paths frequently changing their

direction are particularly evident for pixel sizes of 10 m and

20 m. Lmax drops below the observed value of 3550 m (see

Fig. 4b) at 75≤ Lseg ≤ 100 m. With Lseg ≥ 3050 m, corre-
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Figure 7. Sensitivity of impact area and AUCROC to selected input parameters. The numbers of the corresponding tests (see Table 4) are

indicated in the yellow circles. (a) Control distance Lctrl; (b) maximum run-up height Rmax; (c) slope factor fβ ; (d) direction factor fd.

sponding to the Euclidean distance between the release point

and the terminal point of the Acheron rock avalanche, Lmax

would also take a value of 3050 m. At Lctrl = 50 m (only

shown for a pixel size of 20 m), r.randomwalk tends to pre-

dict too long travel distances, compared to the observation.

This phenomenon occurs as flow directions are not well de-

fined in the relatively plane deposition zone of the Acheron

rock avalanche; therefore, flow paths may frequently change

their direction or even go backwards or in a circular way if

such a behaviour is not impeded by sufficiently high values

of Lctrl (see Fig. 2a). Figure 6d indicates that this undesired

behaviour (visible in the area marked by the X in the gray

circle) disappears at Lctrl > 200 m.

On the other hand, the value of Lctrl should not be cho-

sen too high as this may negatively impact the model perfor-

mance. In the case of the Acheron rock avalanche, a drop

in AUCROC is observed between Lctrl ≈ 2000 and Lctrl ≈

2500 m (Fig. 7a). This drop is explained by an increasing

number of false negative pixels in those areas, which cannot

be reached by the random walks due to the strict constraint

of flow direction.

Within the tested ranges of parameter values, the quality

of the prediction is highest at values of Rmax ≈ 5–10 m (see

Fig. 7b) and fβ ≥ 5 (see Fig. 7c), whilst it reaches it maxi-

mum at fd ≈ 2–3 (see Fig. 7d). The predicted impact area in-

creases with increasing Rmax and fd whilst it decreases with

increasing fβ .

Figures 6 and 7 indicate that the initial values of nwalks,

Lctrl, LsegRmax, fβ , fd, and the pixel size suggested in

Sect. 3.1.1 and Table 4 are within the optimum range of val-

ues (see Sect. 4). Therefore, they are used for computing

the impact indicator index for the Acheron rock avalanche

(Fig. 8a). Concerning the break criteria, this can be classi-

fied as a forward analysis. As expected from Fig. 5, where

the Acheron rock avalanche falls in between the envelopes

of the relationship employed, the upper part of the observed

impact area displays a value of III= 1, whilst the remaining

part of the observed impact area displays values of 1 > III > 0,

decreasing towards the terminus. As the event was compara-

tively mobile within the context of the relationship used (see

Sect. 3.1.1 and Fig. 5), the values of III are close to zero in

the terminal area, and the area with III > 0 does not reach far

beyond the observed terminus. Note that the maximum value

of III is 0.8, meaning that 20 % of all model runs did not even

start due to very high values of ωT yielded with the random-

ized values of b (see Fig. 5). Evaluation against the observed

deposit yields a value of AUCROC = 0.94 (see Fig. 8b). All

values of AUCROC shown in Figs. 6 and 7 and the ROC plot

of Fig. 8b build on normalized ON areas (see Sect. 2.5).

III was generated within a computational time of 188 s.

www.geosci-model-dev.net/8/4027/2015/ Geosci. Model Dev., 8, 4027–4043, 2015



4036 M. Mergili et al.: r.randomwalk v1, a multi-functional conceptual tool

Figure 8. Impact indicator score for the Acheron rock avalanche.

(a) Classified III map. (b) ROC plot, building on normalized ON

area (see Sect. 2.5).

3.2 Kao Ping Watershed, Taiwan

3.2.1 Area description and model parameterization

Between 7 and 9 August 2009, Typhoon Morakot struck Tai-

wan and triggered enormous landslides, causing significant

land cover change (Fig. 9). More than 22 000 landslides were

recorded in southern Taiwan (Lin et al., 2011). One of the hot

spots of mass wasting was the Kao Ping Watershed (Wu et

al., 2011), where the extremely heavy rainfall (in total, more

than 2000 mm depth and 90 h duration) triggered a catas-

trophic landslide in the Hsiaolin Village (Kuo et al., 2013).

We consider a 61.5 km2 subset of the Kao Ping Watershed

for computing the landslide impact probability PI, based on

the observed landslide release areas. In all, 207 landslides are

mapped in the shale, sandstone, and colluvium slopes (see

Fig. 9). A 10 m DEM is used along with an inventory of the

landslide impact areas. Release and deposition areas are ex-

tracted from the inventory. We employ the values of nwalks,

Rmax, fβ , fd, Lctrl, Lseg resulting from the optimization pro-

cedure for the Acheron rock avalanche (see Sect. 3.1.1), and

a pixel size of 20 m. PI is computed as follows:

1. A set of random walks (nwalks = 104) is started from

each release point (i.e., the highest pixel of each land-

slide). Each random walk stops as soon as it would leave

Figure 9. Location, terrain and landslide inventory of the Kao Ping

Watershed, Taiwan. Comparison of the satellite images illustrates

the landslide-induced land cover changes associated with the Ty-

phoon Morakot. The landslide inventory builds on the interpretation

of the FORMOSAT-2 imagery.

the impact area of the same landslide (back calculation,

flag b).

2. After completing all random walks for the study area,

the statistical distribution of ωT is analysed. All land-

slides with Lmax < 100 m are excluded. A fraction of

20 % out of all landslides (i.e., all values of ωT associ-

ated with those landslides) is randomly selected and re-

tained for validation. Using visual comparison, we have

identified the log-normal distribution as the most suit-

able type of distribution for this purpose. Consequently,

the log-normal CDF stands for the probability that a

moving mass point leaves the observed impact area at

or below the associated threshold of ωT .

3. We perform a forward analysis of PI by starting a set

of random walks (nwalks = 104) from the release points

of the retained landslides, and assigning the cumulative

density associated with the average angle of path to each

pixel. The result is validated against the observed depo-

sition zones of the retained landslides by means of an

ROC plot.

4. Steps 2. and 3. are repeated for 100 randomly selected

subsets (parallel processing is applied). The final map of

PI is generated by applying for each pixel the maximum

of the values yielded by all the model runs.

We refer to this work flow as test 1 and repeat the analysis

with starting random walks not only from the release points

but also from all the pixels within the observed release ar-

eas (test 2). This means that the CDF is derived from a much

larger sample of data than when considering only one point

per landslide for starting random walks. We exclude all sets

of random walks yielding Lmax < 100 m, use a log-normal

CDF and start a set of only 103 random walks from each

release pixel for computing PI.
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3.2.2 Results

Starting sets of 104 random walks from the highest points

of all landslides (test 1) results in a range of values of

16.0≤ ωT ≤ 43.5◦, an average of 30.4◦, and a standard de-

viation of 5.2◦ (derived from n= 132 landslides, exclud-

ing those with Lmax < 100 m). Repeating the analysis with

104 random walks started from each pixel within the land-

slide release areas (test 2), we observe a range of values

16.4≤ ωT ≤ 44.1◦, an average of 26.9◦, and a standard devi-

ation of 4.8◦ (n= 1563). Figure 10 illustrates the histograms,

probability density, and cumulative density functions derived

from both analyses. Even though the ranges of values are

similar in both tests, test 1 yields (i) a higher average of ωT
and (ii) a broader range of values than test 2; (i) is explained

by the fact that those random walks starting from lower parts

of the release areas are expected to leave the observed impact

area at lower values of ωT ; (ii) is most likely the consequence

of a number of rather small landslides with high or low val-

ues of ωT strongly reflected in the statistics. Such outliers

are less prominent in the statistics of test 2 due to the much

higher number of cases, most of them related to the larger

landslides.

Each of the impact probabilities shown in Fig. 11 repre-

sents the overlay of 100 analyses where random sets of 80 %

of the landslides are used for deriving the CDF and the re-

maining 20 % are used for computing the impact probabil-

ities. The maps illustrate the maximum values of PI out of

the overlay of the 100 results. Each of the results is derived

using a slightly different CDF. Both tests yield largely simi-

lar patterns of PI. We note that (i) test 2 predicts larger im-

pact areas and higher values of PI than test 1, and (ii) some

random walks take the wrong direction in test 2 (indicated

by “1” in the yellow circle in Fig. 11b), a phenomenon not

observed for test 1; (i) is explained by the higher number

– and the broader distribution – of release pixels in test 2,

compared to test 1. The reason for (ii) is that random walks

starting from the highest point of an observed landslide are

forced to flow into the observed landslide area (test 1), a con-

straint not applicable when starting random walks from each

release pixel (test 2). In this case it happens that pixels lo-

cated at or near a crest produce random walks in both di-

rections. In test 1, the computational time amounted to 63 s

for deriving the CDF and 8613 s for calculating PI. In test 2,

these times increased to 1719 and 9752 s, respectively. The

relatively slight increase with regard to PI results from the

reduced value of nwalks in test 2.

The prediction quality is tested for each of the 100 model

runs for the two tests, producing sets of 100 ROC

curves (Fig. 12). AUCROC = 0.917± 0.038 for test 1 and

0.920± 0.029 for test 2, both computed with the original

number of TN pixels (see Sect. 2.5).

In contrast, the procedures demonstrated in the two tests

vary strongly in their scope of applicability. We have demon-

Figure 10. Histograms, probability densities, and cumulative den-

sities of ωT of mass movements in the test area in the Kao Ping

Watershed. (a) Result for a set of 104 random walks started from

the highest point of each landslide (test 1). (b) Result for a set of

104 random walks started from each pixel within the release areas

of all landslides (test 2).

strated the methodologies by back calculating observed land-

slides. As soon as this is done, one may go one step further:

– The methodology shown in test 1 can be employed to

make forward predictions for defined expected future

landslides, given that a sufficient set of observed land-

slides of similar behaviour is available to derive the

CDF.

– The methodology demonstrated in test 2 can be used in

combination with maps of landslide release probability

to explore the composite probability of a landslide im-

pact (see Sects. 2.4 and 4).

In either case the statistics (see Fig. 10) have to be derived

with the same type of approach later used for producing the

PI map.

3.3 Gunt Valley, Tajikistan

3.3.1 Area description and model parameterization

As most mountain areas worldwide, the Pamir of Tajikistan

experiences a significant retreat of the glaciers. One of the

consequences thereof consists in the formation and growth

of lakes, some of which are subject to glacial lake outburst

floods (GLOFs), which may evolve into destructive debris

flows (Mergili and Schneider, 2011; Mergili et al., 2013;

Gruber and Mergili, 2013). No records of historic GLOFs

in the test area are known to the authors. However, in Au-

gust 2002 a GLOF in the nearby Shakhdara Valley evolved

into a debris flow, which destroyed the village of Dasht,

claiming dozens of lives (Mergili et al., 2011).

The frequency of such events is low and historical data

are sparse. Consequently, possible travel distances of GLOFs

may not be derived in a purely statistical way. Instead, we

have to use published empirical–statistical relationships and

simple rules to produce an impact indicator score (IIS) map.
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Figure 11. Impact probability in the range 0–1. (a) Result of test 1 (random walks starting from the highest point of each landslide; cumulative

density according to Fig. 10a). (b) Result of test 2 (random walks starting from all release pixels; cumulative density according to Fig. 10b).

Figure 12. ROC plots illustrating the prediction quality of (a) test 1

and (b) test 2, using the original number of TN pixels (see Sect. 2.5).

We compute IIS with regard to GLOFs for a 2106 km2

study area in the Gunt Valley (Fig. 13). The analysis builds on

the ASTER GDEM (Advanced Spaceborne Thermal Emis-

sion and Reflection Radiometer – Global Digital Elevation

Model) V2 and the coordinates and characteristics (estimates

of V and Qp) of 113 lakes in the area (Gruber and Mergili,

2013).

A set of random walks (nwalks = 104) is routed from the

outlet of each lake through the DEM. Six break criteria

are combined to compute IIS, partly following Gruber and

Mergili (2013). The relationships and rules employed as

break criteria are summarized in Table 5. Rule 1 is applied

with ωT = 11◦ (test 1 – according to Haeberli, 1983 and

Huggel et al., 2003, 2004a, b for debris flows from glacier-

or moraine-dammed lakes, and Zimmermann et al., 1997 for

coarse- and medium-grained debris flows) and with ωT = 7◦

(test 2 – Zimmermann et al., 1997 for fine-grained debris

flows). All other rules and relationships are used for both

tests. For each pixel, IIS consists in the number of relation-

ships or rules predicting an impact (i.e., IIS takes values in

the range 0–6).

Rmax, Lctrl, Lseg, fβ , and fd are set to the optimum values

found for the Acheron rock avalanche, the pixel size is set to

60 m.

3.3.2 Results

Figure 14 illustrates the possible impact areas of GLOFs in

the Gunt Valley study area according to the relationships

listed in Table 5.

Figure 14a shows the impact indicator score IIS i.e., the

number of relationships predicting an impact, resulting from

test 1 (rule 1 applied with ωT = 11◦). Except for one promi-

nent exception, IIS > 3 (possible debris flow impact) only for

the largely uninhabited upper portions of the tributaries to the

Gunt Valley. In contrast, a possible flood impact (1≤ IIS≤ 3)

is predicted for much of the main valley. test 2 (rule 1 applied

with ωT = 7◦) predicts a possible debris flow impact also for

part of the main valleys (see Fig. 14b). The IF (per cent of

random walks impacting each pixel) for test 1 is shown in

Fig. 14c for a subsection of the test area, classified by quan-

tiles. IF is strongly governed by the width of the movement,

i.e. by the local topography, and may serve as a surrogate for

the expected depth rather than as for the probability of an

impact.

Note that Fig. 14 only indicates the tendency of an al-

ready released GLOF to impact certain pixels. It does not

provide any information on the susceptibility of a certain

lake to produce a GLOF at all. Earlier, Mergili and Schnei-

der (2011) and Gruber and Mergili (2013) have attempted to

combine GLOF release indicators with impact indicators and

land cover maps to generate hazard and risk indicator maps.

However, the results of their studies may underestimate the

possible impact areas as the travel distance was computed on

a pixel-to-pixel basis, possibly yielding too low values of ωT
(see Figs. 2 and 6).
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Figure 13. The test area in the Gunt Valley, Tajikistan. (a) Location, topography, glaciers and lakes. (b) Proglacial lake in the upper Varshedz-

dara Valley; photo: M. Mergili, 18 August 2011.

Table 5. Empirical–statistical relationships and simple rules used for computing the IIS of GLOFs in the Gunt Valley (see Table 3).

IDtest Relationship Reference Process

11 ωT = 11◦ Haeberli (1983); Zimmermann et al. (1997);

Flood or debris flow

Huggel et al. (2003, 2004a, b)

12 ωT = 7◦ Zimmermann et al. (1997)

21,2 ωT = 18Q−0.07
p Huggel (2004)

31,2 Lmax = 1.9V 0.16Z0.83 Rickenmann (1999)3

41,2 ωT = 6◦

Flood51,2 ωT = 4◦

61,2 ωT = 2◦ Haeberli (1983); Huggel et al. (2004a)

1,2 ID(s) of test(s) where the rule or relationship is applied. 3 A bulking factor of 5 is applied to V (modified after Iverson, 1997).

The robustness and appropriateness of the rules and re-

lationships for low-frequency events, such as GLOFs (see

Table 5), is questionable. The rules building on a unique

value of ωT overpredict the possible impact areas for those

lakes where not enough water is available to produce a

flood in downstream valleys. Applying the rules and rela-

tionships for debris flows implies a blind assumption that

enough entrainable sediment is available to produce a de-

bris flow. Whilst ωT ≥ 11◦ is considered the worst case for

debris flows of GLOFs from glacier- or moraine-dammed

lakes in the European Alps according to Haeberli (1983) and

Huggel et al. (2002), ωT = 9.3◦ was measured for the 2002

Dasht Event, the only well-documented GLOF near the test

area (Mergili et al., 2011). Also the relationship proposed by

Rickenmann (1999) severely underestimates the travel dis-

tance of this event, even when massive bulking is assumed.

Applying ωT = 7◦ as given by Zimmermann et al. (1997) for

fine-grained debris flows might be more suitable as worst-

case assumption for debris flows from GLOFs in the Pamir,

even though this threshold leads to very conservative predic-

tions.

We have measured computational times of 1520 s for test 1

and 1556 s for test 2.

4 Discussion

Whilst conceptual tools are commonly applied for routing

mass movements at medium and broad scales, most of them

use single values or rules as break criteria, disregarding the

high degree of uncertainty (e.g., Gamma, 2000; Wichmann

and Becht, 2003; Huggel et al., 2002; Horton et al., 2013;

Blahut et al., 2010). r.randomwalk introduces a set of tools to

deal with uncertain break criteria in a flexible way, depend-

ing on the quality of rules or relationships available. In gen-

eral, empirical–statistical relationships represent rough sim-

plifications as mass movement processes may also stop when

reaching valleys of higher order, run against opposite slopes

or lose energy when bending sharply. However, relatively ro-

bust rules or relationships exist for the most common types

of processes such as rock avalanches (Scheidegger, 1973; see

Fig. 5) or debris flows (Rickenmann, 1999). They build on

data sets large enough to derive meaningful envelopes and

to compute impact indicator indices with r.randomwalk. Re-
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Figure 14. Possible GLOF impact areas in the Gunt Valley, Tajikistan. (a) Impact indicator score derived with test 1. (b) Impact indicator

score derived with test 2. (c) Impact frequency derived with test 1, classified by quantiles.

lationships for less frequent types of processes are less ro-

bust as it was illustrated for GLOFs (Haeberli, 1983; Zim-

mermann et al.; 1997; Huggel et al., 2002; Huggel, 2004;

see Sect. 3.3.2). In such cases we recommend to compute

impact indicator scores building on more than one model,

as shown by Gruber and Mergili (2013) and in the present

work. Impact indicator indices and scores are mainly useful

for anticipating the possible impact area of expected single

events (see Sect. 3.1.2), or for application at broader scales

(see Sect. 3.3.2).

The impact probability is useful for predicting possible im-

pact areas of mass movements in areas where many events

are documented, but the volumes of possible future events

are not known. Whilst in the present paper it was demon-

strated how to compute impact probabilities related to ob-

served release areas, r.randomwalk also includes the option

to combine the impact probability with the release probabil-

ity PR (see Table 1). Landslide release probability (suscep-

tibility) maps are often produced from a landslide inventory

and a set of environmental layers (e.g., Guzzetti, 2006). Start-

ing random walks from each single pixel of a study area, and

combining the release probability of this pixel with the im-

pact probability allows one to produce a composite probabil-

ity PI,C map. Doing this is non-trivial and requires specific

strategies. It is therefore covered in a separate article (Mergili

and Chu, 2015). Gruber and Mergili (2013) have combined

release and impact indicator scores for various types of high-

mountain hazards, and overlaid the results with a land cover

data set to produce a risk indicator score.

The sensitivity of r.randomwalk to variations of the param-

eters nwalks, Rmax, fβ , fd, Lctrl, Lseg (see Sect. 2.2) and the

pixel size were tested for the Acheron rock avalanche. Even

though the optimized values are applied also to the other

cases in the present work, this issue requires further inves-

tigation, also with regard to the scale of the processes. This

is particularly true for the pixel size, which has to be fine

enough not to lose the geometrical characteristics governing

the motion (Blahut et al., 2010). Furthermore, coarser pix-

els and a larger number of random walks make results more

conservative. Rmax, fβ , and fd control the degree of lateral

spreading and therefore influence the conservativeness of the

results. In the future we plan to compare the performance

of r.randomwalk to software tools using multiple flow direc-

tion algorithms (e.g., Flow-R; Horton et al., 2013) in terms

of computational times and prediction success.

Overestimating the travel distance at a certain pixel is

avoided by choosing sufficiently high values of Lseg (see

Fig. 6c). Shorter travel distances at a certain pixel are as-

sociated with higher values of ω and, consequently, larger

predicted impact areas, i.e. more conservative results that are

desirable for many applications. The values of Rmax lead-

ing to the best prediction quality are considerably lower than

run-up height observed for the Acheron rock avalanche. This

phenomenon is explained by the facts that (i) the observed

maximum run-up height refers to a limited area, whilst

r.randomwalk applies the run-up height defined by Rmax in

any place; and (ii) not all random walks reach the bottom of

the valley before running up.
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We have demonstrated how to estimate the prediction

quality of III and PI maps. Where sufficient reference data

are available to prove the validity of the model, the results

may be applied for hazard zoning. Where data are not avail-

able, the outcomes of r.randomwalk are suitable for broad-

scale overviews of possibly affected areas, which have to be

considered as rough indicators only. A suitable level of spa-

tial aggregation may be necessary in such cases (Gruber and

Mergili, 2013).

r.randomwalk includes a break criterion building on the

two-parameter friction model of Perla et al. (1980) (see

Sect. 1 and Table 3), which can be used to compute flow

velocities (e.g., Wichmann and Becht, 2013; Mergili et al.,

2012a; Horton et al., 2013). Evaluating this functionality has

to build on (i) specific strategies for the sensitivity analy-

sis and optimization of multiple parameters and (ii) a sound

comparison with the outcome of physically based models.

This effort will be presented in a separate article (Krenn et

al., 2015). Further, the parameter sensitivity and optimiza-

tion code AIMEC (Fischer, 2013) can be directly coupled to

r.randomwalk.

5 Conclusions

We have introduced the open-source GIS tool r.randomwalk,

designed for conceptual modelling of the propagation of

mass movements. r.randomwalk offers built-in functions for

considering uncertainties and for validation. Employing a set

of three contrasting test areas, we have demonstrated (i) the

possibility to combine results yielded with various break cri-

teria into one impact indicator score; (ii) the option to explore

multiple computational cores for combining the results ob-

tained with many randomized parameter combinations into

an impact indicator index; (iii) the possibility to back calcu-

late the CDF of the angles of reach of observed landslides,

and to use this CDF to make forward predictions of the im-

pact probability; and (iv) integrated functions for the valida-

tion and visualization of the results. This includes strategies

to properly separate the data sets for parameter optimization

and model validation.

We have further shown that controls for smoothing of the

flow path and the avoidance of circular flows have to be intro-

duced to avoid underestimating travel distances and impact

areas. The number of random walks executed for each mass

point and the pixel size influence the level of conservative-

ness of the results rather than the quality of the prediction.

The scope of applicability of r.randomwalk strongly depends

on the availability of robust break criteria and on the avail-

ability of reference data for evaluation.

Code availability

The model codes, a user manual, the scripts used for starting

the tests presented in Sect. 3 and some of the test data are

available at http://www.mergili.at/randomwalk.html.
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