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1 EXECUTIVE SUMMARY 

In Bhutan, more than 70% of the population and infrastructures are located along the main river 

basins, making them particularly exposed to floods and landslides caused by more frequent 

extreme weather events. 

Geoneon, in partnership with Terranum, implemented a solution for the Climate Innovation 

Challenge (CIC) of the Asian Disaster Preparedness Center (ADPC) to assess the vulnerability of 

infrastructures to slope instabilities and floods in Bhutan to support the development of 

strategies for disaster risk reduction and climate change adaptation. 

The aim of the solution is to identify hot spots where critical infrastructures are the most 

vulnerable to climatic disaster, so to support decision-makers to develop appropriate mitigation 

and monitoring measures to reduce the number of affected people, direct economic loss, 

damage to critical infrastructure, and disruption of critical services to the community.  

This pilot delivered, for both Phuentsholing - Pasakha and Gelephu watersheds in Bhutan – 

about 400km2 –, the following outputs, which achieved the agreed scope of work: 

• Very-high resolution and multi-band satellite data covering the pilot area of interest. 

• An infrastructure model based on replacement value metric. 

• An inventory of existing sudden shallow landslides or other erosional processes, and 

of permanent large deep-seated slow-moving earth- and rock- slides. 

• Rockfall, debris flow, large torrent, and flood susceptibility maps. 

• A vulnerability model of buildings, roads, and power lines to rockfall, debris flow, and 

flood at a grid resolution of 30-by-30 meters.  

• Recommendations about mitigation measures. 

In addition, a webpage containing web-maps (Figure 1) of all the results of the pilot was 

prepared and made available online, so to improve the communication of the results. The web-

maps presenting the different hazard susceptibility and vulnerability are a valuable resource for 

the Department of Disaster Management to promote awareness and communicate with local 

governments about disaster risk reduction and climate change adaptation. Especially in areas 

where limited information is available. 

The pilot has demonstrated that it is possible to have a methodology using mainly satellite data 

and advanced algorithms, including machine learning, as a fast and scalable way to identify 

infrastructure vulnerability hotspots. Therefore, the solution is highly scalable, fast, and can be 

applied anywhere in the world.  

The extension of the implementation of the solution would be valuable if the opportunity to 

secure additional funding would arise and the following recommendations have been identified 

in conjunction with the Department of Disaster Management (Bhutan): 
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1. Areas to prioritize in Zones I, III, and IV of Bhutan: 

a. Zone I: Districts of Samtse, Thimphu 

b. Zone III: Districts of Bumthang, Zhemgang 

c. Zone IV: Districts of Samdrupjongkhar, Pemagatshel, Mongar. 

2. Indicators: More Indicators should be considered including in the order of preference: 

a. Demographic: e.g., age of population, sex ratio, average household size. 

b. Socio-economic: e.g., unemployment rate, literacy rate, health and sanitation, 

electricity connection, house material, income. 

c. Economic: e.g., investment, customers, goods import/ export. 

3. Other hazards: The pilot focused on flood and slope instabilities, however other climatic 

hazards such as wildfire, and windstorm should also be considered. 

4. Other infrastructures: The pilot considered buildings, roads, and power lines, but it 

would be useful to also include water infrastructure, and communication networks. In 

addition, it would be relevant to be able to differentiate school and health centre 

buildings, and humanitarian staging areas. 

5. Storage and permanence of the web-maps: It will be important to have a way for the 

Department of Disaster Management to ensure the availability and maintenance of the 

web-maps on the long-term. 

6. Web-platform: The development of a web-platform enabling more interactivity from the 

user side to visualise, interrogate the different models, and extract meaningful analytics 

to support decision-making. 

 

 

Figure 1 A webpage containing web-maps was developed to improve the communication of the pilot results 

and can be accessed at ADPC (geoneon.com).  

https://www.geoneon.com/case-studies/adpc
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2 BACKGROUND TO PILOT 

In Bhutan, more than 70% of the population and infrastructures are located along the main river 

basins, making them particularly exposed to floods and landslides caused by more frequent 

extreme weather events. 

Geoneon, in partnership with Terranum, implemented a solution for the Climate Innovation 

Challenge (CIC) of the Asian Disaster Preparedness Center (ADPC) to assess the vulnerability of 

infrastructures to slope instabilities and floods in Bhutan to support the development of 

strategies for disaster risk reduction and climate change adaptation. 

The aim of the solution is to identify hot spots where critical infrastructures are the most 

vulnerable to climatic disaster, so to support decision-makers to develop appropriate mitigation 

and monitoring measures to reduce the number of affected people, direct economic loss, 

damage to critical infrastructure, and disruption of critical services to the community. The pilot 

was implemented for both Phuentsholing - Pasakha and Gelephu watersheds in Bhutan (Figure 

2). 

The Program for Asia Resilience to Climate Change is a trust fund administered by the World 

Bank Group and funded by the United Kingdom’s Foreign, Commonwealth and Development 

Office. 

 

Figure 2 Area of interest including both Phuentsholing - Pasakha and Gelephu watersheds in Bhutan. 
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2.1 Pilot Solution 

The pilot solution is developed by combining earth observation, data fusion, deep-learning and 

advanced analytics to compute climatic hazard susceptibility, multi-hazards exposure and 

vulnerability models, and detect changes through time (Figure 3). 

 

Figure 3 The solution summarised in a 3-step process. 

 

Figure 4 Automated land-use segmentation using Convolutional Neural Network. In this example, trees, 

buildings, and roads are segmented. 
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From satellite imageries, Geoneon uses a deep-learning model to automatize the land-use 

segmentation (Figure 4). The method used is a convolutional Neural Network (CNN). 

A set of relevant metrics – e.g., replacement value, demographics, socio-economic, cost of 

business interruption, etc. – are defined in collaboration with the project. The metrics values are 

translated in spatial units in square metres and assigned to the infrastructure model (Figure 5). 

In collaboration with Terranum, specific climatic hazard susceptibility maps are developed from 

publicly available climate and hazard maps. Susceptibility maps highlight areas that can be 

exposed to natural hazards at a regional scale by identifying potential source and propagation 

areas based on reliable and scalable numerical models (Figure 6). 

The susceptibility maps are combined with the Infrastructure Model to compute a Vulnerability 

Model. The result of the Vulnerability Model is a grid with each cell containing information about 

the different metrics of the Infrastructure Model, and the susceptibility map classifications. This 

allows for vulnerability of any combination of metrics – i.e., social, physical, and economic – to be 

viewed per areas in an easy-to-understand spatial grid. 

 

Figure 5 Example of infrastructure model developed for the City of Hobart (Australia). Each cell has 

information and metrics about the types of infrastructure, here the total replacement value per cell. Note 

that Figure 6 and Figure 7 are from the same location. 
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Figure 6 Example of susceptibility map for rockfall events. Developed in collaboration with Terranum, 

susceptibility maps combine different pre-existing factors which contribute to a specific hazard event. It gives 

an indication of where hazard is more susceptible to start (source) and to run out (propagation). 

 

Figure 7 Algorithms are used to calculate the vulnerability by combining hazard susceptibility classification 

with the metric used in the infrastructure model – e.g., replacement value, demographic, cost of business 

interruption, etc. This example shows economic vulnerability. 
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The solution is a data driven approach to anticipate possible impact before disasters happen. It 

is unique because it can assess efficiently the extent of hazard susceptibility and related 

vulnerabilities at a large scale and in a reproducible way. It has the strength to be based on 

scientific knowledge, to be current owing to near-real time earth observation data and scalable 

because it relies on advanced algorithms and machine learning. 

2.2 Goals and Objectives 

This pilot study aims to deliver, for both Phuentsholing - Pasakha and Gelephu watersheds in 

Bhutan, the following results: 

• Very-high resolution and multi-band satellite data covering the pilot area of interest. 

• An infrastructure model.  

• An inventory of existing sudden shallow landslides or other erosional processes, and 

of permanent large deep-seated slow-moving earth- and rock- slides, based on a 

visual interpretations of GIS data, at 1:25’000. 

• A rockfall susceptibility map, based on the Slope Angle Distribution and the Slope 

Friction Limited Model, at 1:50’000. 

• A debris flow susceptibility map, based on a GIS criteria exclusion-based and the 

Slope Friction Limited Model, at 1:50’000. 

• A flood susceptibility map along major rivers, based on the enhanced HEC-RAS 

approach, at 1:50’000. 

• A vulnerability model of buildings, roads, and power lines to rockfall, debris flow, and 

flood at a grid resolution of 30-by-30 meters.  

• Recommendations about mitigation measures. 

• A technical report (this report). 

2.3 Target Group and Beneficiaries 

The Department of Disaster Management has been fully involved in the consultation of the 

location of the implementation of the Pilot Project. The Department of Disaster Management 

provided a list of priority areas. Geoneon computed the water catchment of those areas for 

feedback. The Chief Program Officer required to add an additional zone to assess the 

vulnerability of two major towns in Bhutan.  

The Department of Roads in Bhutan was also involved in early stage of the pilot implementation 

and scope development. 

2.4 Key Metrics 

The metrics or measure of success of the solution include: 

1. The solution: 
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• Uses a pragmatic consistent approach. 

• Can be applied to different climatic hazards and infrastructure assets. 

• Provides results in a relatively short timeframe. 

• Relies mainly on available data – i.e., minimal to no additional data acquisition 

requirements to run the solution. 

2. The results of the solution provide a clear classification of the susceptibility and 

vulnerability enabling the identification of ‘hot spots’ where additional data 

acquisition and/or mitigation measures might be required. 

3. The results support and facilitate: 

• Optimisation of field work and data acquisition. 

• Planning of monitoring and maintenance of infrastructure. 

• Decision-making process about the location of future infrastructure 

developments. 

• Public awareness and education to climatic hazards. 

2.5 Expected Key Short-Term and Long-Term Impacts 

Once implemented, the expected impacts of the solution include: 

1. A reduction of overall climatic hazard mapping time by using advanced modelling 

algorithms. 

2. A net reduction in cost and risk associated with field work by optimising field 

investigation. 

3. A net reduction in cost of maintenance of future infrastructure through avoidance of 

potential climatic hazards, more resilient design, and optimised maintenance 

planning. 

4. Reduction of recreational incidents with human involvement through awareness of 

hazardous terrains. 

2.6 Innovators’ Profile 

 Geoneon 

Inspection and maintenance costs for infrastructure are soaring as assets age, population grows, 

and extreme weather events become more frequent. Geoneon develops solutions to anticipate 

the impact of climatic disasters. We support government and infrastructure companies to make 

informed decisions about climate change adaptation to reduce the number of affected people, 

direct economic loss, damage to critical infrastructure, and disruption of critical services. 
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 Terranum 

Founded in May 2011, Terranum Sàrl develops rock-solid expertise for natural hazards, geology, 

hydrology, 3D and LiDAR measurements, and customized software for the geoscience 

community. 

All Terranum’s partners come from the Institute of Earth Sciences at the University of Lausanne. 

As a university spin-off, the constant research of original advanced solutions are fully embedded 

in Terranum’s genes.  
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3 PROCESS, PROGRESS, AND RESULTS 

This section of the report presents a description of the pilot implementation, including: 

1. Project implementation. 

2. Key outputs/ outcomes. 

3. Major achievements. 

4. Visible early-stage impact. 

3.1 Project Implementation 

The pilot implementation is summarised in three steps: 

1. Develop an infrastructure model. 

2. Compute climatic hazard susceptibility maps. 

3. Compute a financial vulnerability model. 

These three steps are explained in detail in the following sections. 

 Infrastructure Model 

The infrastructure data used in this pilot consist of buildings, roads, and power lines. 

Satellite imagery –i.e., 8-band, 30-50cm resolution – was acquired to support the mapping of 

infrastructure (Figure 8). 

 

Figure 8 Example of high-resolution satellite data. 

Geoneon developed a deep learning model, that is trained on satellite imagery data to map all 

the buildings in the area of interest (Figure 9). 
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Figure 9 Example of results of deep-learning model developed to map buildings on multi-band high-resolution 

satellite data. 

The building segmentation in the areas of interest resulted in 4,063 (Phuentsholing) and 4,713 

(Gelephu) buildings being mapped, compared to the 1,510 (Phuentsholing) and 1,763 (Gelephu) 

buildings in the data provided by the Department of Disaster Management (Figure 10). 

 

Figure 10 Example of building mapping results in Gelephu. Left: database from DDM Bhutan (buildings in 

pink), Right: automated segmentation results using deep-learning model (buildings in yellow). 
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Roads and tracks came from a combination of data provided by the Department of Disaster 

Management, extraction from Open Street Map, and manual digitalisation. Power transmission 

and distribution lines were provided by the Department of Disaster Management. 

The infrastructure metric used to develop the infrastructure model in this study was the 

replacement value. The replacement values used for this pilot were reviewed by the Department 

of Disaster Management and are presented in Table 1. 

Table 1 Summary of replacement value per m2 per type of infrastructure. 

Infrastructure Type Replacement in Nu/m2 Replacement in USD/m2 

Building 12,500 160 

Road – Primary 2,100 26 

Road – Secondary 1,250 16 

Road – Tertiary 400 5 

Transmission tower 125,000 1,600 

Distribution tower 62,500 800 

 

The area and the value of these infrastructures were then used to produce a 30-by-30 metre 

spatial grid which contains the total replacement value of assets in each grid cell (Figure 11). 
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Figure 11 Example of infrastructure model in Gelephu at a 30m by 30m showing replacement value for the 

buildings, roads, and transmission towers. 

 Susceptibility Maps 

Susceptibility maps illustrate, at a regional scale, areas that can be exposed to natural hazards. 

Those maps are therefore an essential tool for land-use planners to identify inhabited areas, 

infrastructure, and communication networks potentially threatened by natural hazards (Fell et al. 

2008, Guzzetti et al. 2012, Corominas et al. 2014). 

More specifically, susceptibility maps localize over a whole territory potential source and 

propagation areas for different natural hazard processes. They are mainly based on simple and 

robust numerical models. Compared to traditional approaches, Terranum’s susceptibility maps 

are classified into several susceptibility levels by combining different rockfall initiation and 

runout scenarios. These susceptibility levels distinguish extreme from rare and more frequent 

events, which greatly improves the practical use of the maps in natural hazard and risk 

management. 

In addition to susceptibility maps, local landslide inventories aim to detect and delimitate areas 

affected by sudden shallow or permanent slow-moving rock- and earth-slides which can barely 

be modelized. Unlike previous modelling-based susceptibility maps that highlight slopes 

exposed to potential future events, the inventory delimits areas affected by past or current 

instabilities. 
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Finally, in such studies, it is important to note that maps resolution and precision are always 

directly function of quality and reliability of input GIS dataset and past-events inventories. The 

more precise and extensive they are, the more accurate results can be. 

3.1.2.1 Landslide Inventory Mapping 

Landslide inventories aim to detect and delimitate areas affected by permanent slow-moving 

rock- and earth-slides or sudden shallow earth-slides that can be mobilized as mudflows. Unlike 

the other modelling-based rockfall, debris flow and flood susceptibility maps that highlight 

slopes exposed to potential future events, the inventories delimit areas affected by past or 

current instabilities that are barely modelled. 

This 1:25,000 inventory mapping is based on visual interpretations of GIS data (mainly DEM and 

orthophotos), looking for morpho-structural features created by landslides on slope surfaces (as 

detailed for example by Záruba and Mencl 1982, Cruden and Varnes 1996, Agliardi et al. 2001, 

Van den Eeckhaut et al. 2007, Jaboyedoff et al. 2012 or Hungr et al. 2014). 

 

Figure 12 Example of rotational slide morpho-structural evidence: a- lunar cracks, b- head scarp, c- trans-

verse cracks, d- radial cracks, e- lateral ridges (in Záruba and Mencl 1982, modified after Varnes 1978). 

As a result, the head scarp of 557 slope instabilities was mapped in the two pilot areas: 3 of 

deep-seated landslides and 554 of sudden, shallow landslides or other erosional processes. An 

example of the final inventory is displayed in Figure 13. For each of these, we compared their 

locations with the Maxar-derived land-use model and our other susceptibility maps to notify the 

presence (or absence) of these destabilizing factors: 

• Landslides located in a bare ground, with no dense vegetation to stabilize the soil 

• Landslides related to anthropogenic redesigned slopes 
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• Landslides within potential rockfall source areas 

In addition, it should be noted that we initially planned to focus the landslide inventory on 

permanent continuous deep-seated landslides. Since only few of them were found, we then 

added to this inventory the shallow landslide processes to complete the map. Two reasons 

explain why we did not find many of such landslides:  

1. The coarse 30 m Copernicus DEM resolution and the very dense forest, covering the 

main part of both areas of interest, both barely hampered our visual capabilities to 

detect scarps and opened cracks on hillshades and spaceborne images. 

2. There was certainly no big active deep-seated gravitational slope deformation 

(DSGSD), Sackung or major, large, active landslides in these areas that even in that 

context would have been identified. 

Three conclusions can be drawn from this pilot study:  

1. In our zones, main infrastructures in urbanized areas seems not to be exposed to 

such active permanent continuous deep-seated landslides.  

2. Future landslide inventories, focusing on permanent, deep-seated landslides, are still 

relevant; but if we wish to extend such maps elsewhere in Bhutan, we will need to 

consider only areas of high elevation relief, above the forest level. 

3. The significant number of identified shallow landslides and other erosional processes 

events highlights the important role of these phenomena; it would be therefore 

indicated to model an additional shallow landslide susceptibility map in case of 

future similar studies elsewhere in Bhutan. This inventory could be then used to 

calibrate this model. 
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Figure 13 Landslide inventory map, in the Gelephu area (scale 1:30,000). 

3.1.2.2 Rockfall Susceptibility Mapping 

The rockfall susceptibility map is produced based on following general approach: 

• Identification of potential rockfall source areas based on the Slope Angle Distribution 

method for homogeneous geological units (described in Michoud et al. 2012) 

• Classification of source areas into several failure susceptibility degrees 

• Run-out computation based on the reach angle approach and the Slope Friction 

Limited Model implemented and enhanced in Flow-R version 2 (developed by 

Terranum; Horton et al. 2013) 

• Classification of the final rockfall susceptibility map into different reach 

susceptibilities based on failure susceptibilities and several propagation parameters, 

to segregate frequent, rare, and extreme rockfall events 

Every procedure step is calibrated according to local topographic, geological environment and 

Terranum’s experience, and can also be tuned to fulfil the stakeholder’s needs. 

3.1.2.2.1 Identification of Potential Rockfall Source Areas 

The mapping of potential fragmental rockfall sources is realised following the Slope Angle 

Distribution (SAD) method (Rouiller et al. 1998, Loye et al. 2009, Michoud et al. 2012). Strong 

correlations between terrain morphology, internal rock setting and unstable slope processes 
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have been observed for many years (e.g., Terzaghi 1950, Strahler 1954, Selby 1982, Locat et al. 

2000, Montgomery & Brandon 2004). Moreover, rockfall source areas are commonly found in 

the steepest slopes. Hence, the SAD approach aims to identify on DEMs slope angle thresholds 

above which the rock-mass failure susceptibility becomes significant. 

Geological Units 

Rock-mass properties (such as lithologies or log sequences), structural settings (such as 

discontinuities orientations and densities), and tectonic history (such as stress and deformation 

fields) are controlling local slope morphologies, rock slope stability and thus also rockfall sources 

(Terzaghi 1962, Selby 1982, Willie & Mah 2004, Derron et al. 2016). Accounting for different 

lithological and tectonic units leads to a refined SAD analysis with different slope angle 

thresholds for homogeneous geological units. 

Based on the 1:500’000 geologic map of Bhutan (Long et al. 2011), which initially required 

corrections to the attribute table of its vectorized version compared to the reference printed 

version, 7 geological units were identified in Lesser and Greater Himalayan Zones (Figure 14): 

• In the Lesser Himalayan Zone: 

o Schists, interbedded with biotite and quartzite 

o Mylonitized granitic orthogneiss 

o Quartzites interbedded with phyllite and dolostone 

o Cliff-forming Quartzites interbedded with phyllite and dolostone 

o Schists, phyllites, marbles and quartzite 

• In the Greater Himalayan Zone: 

o Amphibolite facies 

o Massive-weathering granite-composition orthogneiss 
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Figure 14 Identified and processed geological units overlapping the two pilot areas. 

Slope Angle Distribution 

The SAD approach is based on the Strahler’s law of slopes constancy (Strahler 1950, 1954), which 

states that slope topographies tend to group predominantly around few mean slope angle 

values that are normally distributed with low dispersion.  

In high energy relief, the specific mean slope angles can often be related to four major 

morphological units (Oppikofer et al. 2007, Loye et al. 2009) (Figure 15). Based on the application 

of the SAD approach for each geological unit, we can identify slope angles thresholds of steep 

slopes and cliffs families where rock-mass failure susceptibilities become significant. 
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Figure 15 Scheme of main morphological units in high energy relief. 

In practice, the histogram of slope angles is computed for the 7 geological units present in the 

study area but applied to the entire Bhutanese territory, in order to increase statistical 

representativeness. Using a best-fit procedure, this histogram is thus simulated by several 

normal distributions (ND) representing the different morphological units (i.e., generally 1 ND for 

“Plains”, “Foot slopes”, “Steep slopes”, and 1−2 NDs for “Cliffs”). The intersection point between 

the “Steep slopes” ND and the “First cliffs” ND is generally considered as threshold angle for the 

presence of cliffs and thus of rockfall source areas (e.g., Rouiller et al. 1998, Loye et al. 2009, 

Michoud et al. 2012, Derron et al. 2016).  

In addition, remobilization of blocks and rockfall debris may occur, however, at lower slope 

angles. But such remobilized blocks may still have significant impact on infrastructure as 

fragmental rockfalls originating from cliffs, and we recommended therefore including 

remobilization in rockfall susceptibility maps. The mean value of the “Steep slopes” ND is 

commonly taken as minimum angle for remobilization of blocks and rockfall debris (e.g., Loye et 

al. 2009, Michoud et al. 2012, Derron et al. 2016). Indeed, this mean value relates to an apparent 

equilibrium slope angle of scree deposits (Loye et al. 2009), hence the possibility to mobilize 

blocks on slopes steeper than that slope angle. 

As an example, the complete slope angle distribution of the “Massive-weathering granite-

composition orthogneiss of the Greater Himalayan Zone” is illustrated in Figure 16 . Moreover, 

the slope angle thresholds are summarized in Table 2 for each geological unit.  
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Figure 16 Slope angle distribution of the “Massive-weathering granite-composition orthogneiss of the Greater 

Himalayan Zone”. 

Table 2 Slope Angle Thresholds of Each Geological Unit. 

Susceptibility Class Low High 

Geological Unit Process Remobilization Rockfall 

LHZ: Schists, interbedded with biotite and quartzite (1) 31° 39° 

LHZ: Mylonitized granitic orthogneiss (2) 31° 39° 

LHZ: Quartzites interbedded with phyllite and dolostone (6) 31° 39° 

LHZ: Cliff-forming Quartzites interbedded with phyllite … (7) 31° 39° 

LHZ: Schists, phyllites, marbles and quartzite (8) 29° 38° 

GHZ: Amphibolite facies (3) 29° 39° 

GHZ: Massive-weathering granite-composition orthogneiss (4) 28° 35° 
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Note that the low apparent threshold angles are due to the 30 m Copernicus DEM resolution 

that smooths high slope angle values (Loye et al. 2009). But the influence of the DEM cell size on 

the detected angle values is implicitly taken into account by the SAD approach therefore and no 

corrections are required (Michoud et al. 2012). As a comparison, a threshold angle of 36° 

identified in a 30 m DEM corresponds to a slope angle of 50° on a 2 m one. 

Rupture Susceptibility 

For the rupture susceptibility, we assume that – at regional scale – the block release 

susceptibility depends on the slope angles; then, the rock-mass rupture susceptibility increases 

with the slope angle (Locat et al. 2000, Montgomery & Brandon 2002, Michoud et al. 2012). 

Usually, on a VHR DEM basis (1 to 5 m), rupture susceptibilities can be divided up 5 classes. But 

in this context, based on the 30 m Copernicus DEM, and after further tests, the division into 2 

susceptibilities classes is set (Figure 19) in order not to overinterpret the NDs: 

• Low Susceptibility class, related to block remobilisation areas in unstable steep 

slopes. 

• High Susceptibility class, related to rock-mass failure events in cliff areas. 

Filtering 

According to Terranum experience, the two following filters were applied: 

1. All sources with low failure susceptibility were drastically filtered. Indeed, since in 

that context, a possible block remobilization requires a rockfall deposition 

beforehand, all raw remobilization sources have to be located in a propagation area 

from rock-mass failure sources to be kept as real remobilization sources. 

2. All source areas smaller than 2,700 m² (i.e., < 3 pixels) were deleted to avoid localized 

DEM-based artefacts. 

Anthropogenic surfaces are not considered as natural sources to be taken into account in this 

map. They are therefore usually filtered out of source areas, at least in VHR studies. 

Nevertheless, at this coarse resolution, deleting an entire 30x30 m pixel because an 

infrastructure is identified there could lead to filtering actual rockfall sources; it is then 

recommended to keep all sources. 

3.1.2.2.2 Rockfall Runout Modelling 

The rockfall runout areas were computed by the software Flow-R version 2 (developed by 

Terranum; Horton et al. 2013). The propagation is simulated by a basic energy balance model 

using a probabilistic spreading algorithm, which control the lateral extent and the runout 
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distance. It is important to note that runout areas do not relate to single rockfall propagations 

but are a combination of all possible rockfall trajectories. 

Lateral Spreading Algorithms 

The lateral spreading is controlled by the multiple flow direction algorithm by Holmgren (1994), 

modified with an added height parameter dh proposed by Horton et al. (2013) to account small 

DEM irregularities and artefacts. With this algorithm, a rockfall coming from a specific cell can 

spread to one or more neighbouring cells depending on the height difference between the cells. 

The magnitude of spreading is controlled by an exponent x in the multiple flow direction 

algorithm: higher exponents lead to stronger channelling, while low exponents lead to wider 

lateral spreading.  

According to Michoud et al. (2012) an exponent x of 1 and a dh of 1 m is recommended as 

default for rockfall runout modelling in Flow-R. This spreading algorithm is coupled to the 

persistence model by Gamma (2000) imitating the inertia behaviour of rockfalls, i.e., the 

tendency to maintain the direction of the trajectory. 

Runout Distance Computation 

The runout distance computation is based on the empirical Fahrböschung principle (Heim 1932, 

Scheidegger 1973, Toppe 1987, Evans & Hungr 1993, Corominas 1996, Jaboyedoff & Labiouse 

2011) and its evolution, the simplified friction-limited model (SFLM, Horton et al. 2013). 

The Fahrböschung approach considers the reach angle between the horizontal and an energy 

line from the top of a rockfall source area to the propagation ending point, along its path. The 

reach angle therefore controls the maximum runout distance (Figure 17). The smaller this angle, 

the longer the runout distance. 

The SFLM approaches consider the same reach angle, however it takes into consideration the 

physical kinematic energy limitation of the terrain profile. The block velocity is here computed 

along the propagation, based on the energy line equation, with a maximum limit to ensure not 

to exceed realistic velocity ranges (Horton et al. 2013). As illustrated in Figure 17, this SFLM may 

reduce the runout distance of rockfalls. 
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Figure 17 Principles of the energy line and SFLM approaches (after Horton et al. 2013). 

For this pilot project, no inventory or evidence of past events was available or observable on 

orthophotos to fine-tune our global parameters set, based on numerous scientific publications 

and Terranum’s experience. 

Regarding the reach angle, values between 29° and 33° are reported for the maximum runout 

distance (Toppe 1987, Evans and Hungr 1993, Dorren 2003, Jaboyedoff & Labiouse 2011), even 

limiting them from 32° to 33° (Jaboyedoff et al. 2008, 2012, Michoud et al. 2012, Michoud and 

Horton 2018). However, propagations of events at lower energies, which are more common, 

especially in forest areas, can be reasonably limited by an angle of 38° (Dorren et al. 2005). 

Regarding the maximum velocity limitation, a value of 30 m/s is stipulated for fragmental 

rockfalls (Domaas 1995, FOEN 2016, Michoud & Horton 2018) and 35 m/s for large 

rockfalls/small rock avalanches (FOEN 2016). However, again for events at lower energies, which 

are still more common, especially in forest areas, the limiting velocity of the SFLM model can be 

reduced to 25 to 20 m/s, again in line with the FOEN 2016 recommendations. 

Reach Susceptibility 

Final reach susceptibilities take into account rupture susceptibilities and different applied 

propagation scenarios. Usually based on VHR DEM (1 to 5 m), reach susceptibilities can be 

divided up 5 classes. But in this context, based on the 30 m Copernicus DEM, and after further 

tests, the division into 2 susceptibilities classes is set (Figure 18 and Table 3) in order not to over-

interpret the final outputs:  
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• Low reach susceptibility class, related to the worst-case scenario: models the 

indicative reach susceptibility areas, representing a propagation from any potential 

remobilization or rockfall sources based on a reach angle of 31° and a maximum 

velocity of 30 m/s. 

• High reach susceptibility class, related to the current-event scenario: models the 

most frequent reach susceptibility areas, representing a propagation from rockfall 

sources only and based on a reach angle of 38° and a maximum velocity of 22 m/s. 

In order to correctly interpret rockfall susceptibility maps, it is important to note that runout 

areas do not relate to single propagations, but are a combination of all possible rockfall 

trajectory paths. 

 

 

Figure 18 Rockfall reach susceptibility map, in the Pasakha area (scale 1:50,000). 
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Table 3 Definition of reach susceptibility classes. 

 Low High 

Scenario Worst-case Current-event 

Process Remobilization & Rockfall Rockfall only 

Sources All High 

Holmgren exponent 1 1 

Horton dH 1 m 1 m 

Reach Angle 31° 38° 

Maximum velocity 30 m/s 22 m/s 

 

 

Figure 19 Rockfall rupture susceptibility map, in the Pasakha area (scale 1:50,000).  

3.1.2.3 Debris Flows Susceptibility Mapping 

The debris flow susceptibility map was produced according to the following steps: 
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• Source areas identification based on a multi-criteria GIS approach (cf. Horton et al. 

2013). 

• Classification of the source areas into several susceptibility levels. 

• Propagation using the Slope Friction Limited Model implemented in Flow-R 

(described in Horton et al. 2013). 

• Classification of the propagation extents into several reach susceptibility levels. 

It is important to note that, again, the quality of the results depends on the quality and reliability 

of the input GIS datasets and the availability of observed debris flows for calibration. As the DEM 

has a low resolution and contains several artifacts, the identification of the source areas was 

affected by unnatural or altered morphology. As for the observed debris flows, the aerial 

imagery was used as support to assess the calibration procedure, despite a reduced visibility due 

to the dense vegetation.  

3.1.2.3.1 Identification of Potential Debris Flows Source Areas 

The chosen approach to identify potential source areas is a multi-criteria method, which is 

common in studies based on GIS tools. It consists in combining different datasets by applying 

selection criteria to synthesize them into binary grids. These grids are then combined to exclude 

cells that are rejected as potential source areas based on at least one criterion (after Horton et 

al. 2013). 

The assessment of the potential source areas consists here of 4 steps: 

A. Selection based on morphological criteria 

B. Filtering of irrelevant source areas 

C. Assignment of susceptibility classes 

A) Selection based on morphological criteria 

The combination of morphological criteria constitutes the basis of the identification of potential 

source areas. These criteria were processed based on the 30 m Copernicus DEM. Cells are 

selected as potential sources if they have not been excluded by one of the following criteria. 

Slope 

The slope has a major role in the disposition of debris flows (Takahashi, 1981; Rickenmann and 

Zimmermann 1993). It has been here processed using the algorithm from Horn (1981), which 

uses 3×3 cells. The thresholds defining the range of favourable values are as follows: 

• A lower threshold of 15° is the theoretical lower limit for potential debris flows 

(Takahashi 1981). 
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• No upper threshold as, based on our experience, it would remove source areas that 

we considered relevant. 

Due to the relatively low resolution of the DEM, the computed slope might not be representative 

of the real morphology. However, the 15° threshold is usually considered using a smoothed DEM 

to filter out small scale variability. The smoothing operation was not performed here because of 

the DEM spatial resolution. To quantify the impact of the data resolution on the threshold 

filtering, an analysis was performed using a high-resolution DEM in Switzerland. The original 

DEM was derived into two version: (i) a smoothed 6 m DEM, which is in a standard resolution 

range for regional studies, and (ii) a non-smoothed 30 m DEM. After fine analyses, we could 

assess that the optimal threshold falls in between 10° and 15°. Both values were then assessed 

as thresholds in the selection of potential source areas and both resulted in the same output. 

For this reason, the original 15° threshold was kept. 

Terrain curvature 

Curvature is often used to identify gullies (Wieczorek et al. 1997; Delmonaco et al. 2003). It was 

found in previous work that the curvature based on a third-order polynomial (Haralick, 1983) is 

significantly more spatially homogeneous (less noisy) and allows better identification of gullies. 

The tangential curvature was also less sensitive to very local DEM fluctuations than the plan 

curvature usually considered. The tangential curvature from Haralick (1983) was therefore used 

in this work. A threshold for the catchment was calibrated based on the observed debris flows. 

The optimal threshold is −10/100 m-1. Any lower curvature value is selected as favourable 

because it is concave. 

Contributing area 

The upslope contributing area is considered through a relationship with the slope (see Horton et 

al. 2013): the smaller the upslope contributing area, the lower the potential water input will be, 

and therefore the higher the slope must be for a triggering (Rickenmann and Zimmermann 1993; 

Heinimann 1998). Two relationships are presented in Horton et al. (2013): one for rare events 

(Heinimann 1998) and the other for extreme events (Rickenmann et Zimmermann 1993). 

The Extreme relationship is used to select potential source areas because it corresponds to 

proven occurrences during a severe event (Rickenmann and Zimmermann 1993). The minimum 

threshold for the contributing area is 1 ha, as in previous works and the literature. 
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B) Filtering irrelevant source areas 

In order to filter out too local conditions, a minimum of 3 connected cells was imposed. This 

threshold was optimised based on aerial photographs in order to remove the “noise” where no 

debris flow activity was observed while keeping the relevant areas. 

C) Assignment of susceptibility classes 

Additional criteria were used to assign different levels of susceptibility to the source areas. 

Contributing area 

The Rare and Extreme relationships between the contributing areas and the slope were 

considered as two different susceptibility classes. The Rare relationship identifies source areas 

with a higher susceptibility, while Extreme events are considered with a lower susceptibility as 

they are less frequent (Table 4). 

Table 4 Susceptibility levels related to the slope - contributing area relationship 

Slope - contributing area relationship Susceptibility level 

Extreme 1 

Rare 2 

Terrain curvature 

Tangential curvature was also used to assign susceptibility levels. A threshold of −20/100 m-1 was 

selected to assign higher susceptibility to source areas in more concave terrain (Table 5). 

Table 5 Susceptibility levels related to the terrain curvature. 

Tangential curvature Susceptibility level 

Concave (−10 to −20/100 m-1) 1 

Highly concave (≤−20/100 m-1) 2 

The density of source areas 

The density of source areas was considered to give more importance to clusters of source areas 

than more isolated sources. The density was calculated by convolution using a circular kernel 

with a 60 m radius. The number of source cells present in the kernel constitutes the density. The 

limit for the susceptibility classes is four cells (Table 6). 
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Table 6 Susceptibility levels related to the density of source areas. 

The density of source areas Susceptibility level 

Low (<3) 1 

High (≥3) 2 

Landcover 

The landcover was used to increase the susceptibility of source areas located in the type “bare 

surfaces”, often corresponding to visible landslides (Table 7). The weights have higher value than 

other criteria. 

Table 7 Susceptibility levels related to the landcover. 

Landcover Susceptibility level 

Forest, vegetation, infrastructure 2 

Bare surfaces 4 

Establishment of susceptibility classes 

The various susceptibility levels were summed, and the susceptibility classes were established 

according to reclassification rules (Table 8). 

Table 8 Source area susceptibility classes 

Sum of the susceptibility levels Susceptibility class 

5 – 6 (5 being the minimum value) Low 

7 – 8 Medium 

9 – 10 High 

Special case for large torrents 

The cases in large torrents were treated separately. Due to the high water supply in the large 

torrents, the phenomena are more likely of a hyperconcentrated flow type rather than classic 

debris flows. Thus, they result in longer runout distances than those from smaller torrents. The 

sources for the large torrents are based on a selection of the previously selected sources, but 

with a contributing area greater than 2 km2. 
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3.1.2.3.2 Debris Flow Runout Modelling 

Modelling of the debris flow propagation extents was achieved with the software Flow-R version 

2 (developed by Terranum; Horton et al. 2013). It uses a probabilistic approach by propagating a 

susceptibility value from a source area. It, therefore, represents a non-event approach, which 

results in a perimeter encompassing the different possible propagations with a notion of 

susceptibility.  

There are two types of algorithms controlling the propagations: those that determine the lateral 

spreading of the susceptibility (details in section 3.1.2.2.2) and those that control the 

propagation runout distance (details in section 3.1.2.2.2). These algorithms are relatively 

independent and can, therefore, be calibrated separately. For the lateral spreading, Holmgren’s 

(1994) equation, modified by Horton et al. (2013) was used. The runout distance is assessed by 

the Simplified friction-limited model (SFLM, Horton et al. 2013).  

To correctly interpret the modeled perimeters, it is essential to note that, again, the propagation 

zone from a source does not represent the propagation of a single event but the combination of 

all possible trajectory paths. This aspect explains the large spreading extents on alluvial fans or 

open slopes. 

Parameters range 

The maximum propagation perimeters of debris flows were assessed with the SFLM method 

using Flow-R on the 30 m Copernicus DEM. Based on parameters from the literature and 

Terranum past experiences, a multi-parameter approach has been used to establish different 

classes of susceptibility. Different parameters were chosen for the different susceptibility classes 

of the source areas (Table 9). The classes of reach susceptibility thus illustrate different 

scenarios. 

The propagation of classic debris flows are limited by a maximum velocity of 15 m/s 

(Rickenmann and Zimmermann 1993). A post-processing step was added and consist of 

removing the very small susceptibility levels (≤0.005) from the Medium and High classes to 

assign them to the Low class. 

Propagations in large torrents constitute a separate class. Large torrents have a higher water 

supply and the material can be carried out significantly farther. However, there is a transition 

from debris flows to hyperconcentrated flows or concentrated flows while more water is brought 

into the mix. The corresponding deposits are difficult to identify in very active riverbeds using 

aerial imagery. We have thus considered highly conservative parameters with a reach angle of 

1.5° and a maximum velocity of 20 m/s. These extents are likely to be larger than debris flows 

strictly speaking and to include hyperconcentrated flow type phenomena. A field visit would be 

recommended to analyse the deposits and identify the active processes for these areas.  
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Table 9 Final susceptibility classes and their corresponding parameters. 

 Low Medium High Large torrents 

Process Debris flow Debris flow Debris flow 
Debris flow to 

concentrated flow 

Source areas All Mean + High High Large torrents 

Holmgren’s params x=3 and dh=2 x=4 and dh=1 x=6 and dh=1 x=1 et dh=2 

Reach angle 10° 11° 13° 1.5° 

Maximum velocity 15 m/s 15 m/s 15 m/s 20 m/s 

Min susceptibility 0 0.005 0.005 0 

Debris Flow Results 

The resulting susceptibility map for debris flows is illustrated in Figure 20. The region shows a 

high potential for debris flow activity, which is consistent with observations retrieved from aerial 

imagery. However, due to the difficulty to see the ground in most of the catchment, due to the 

dense vegetation, field work is recommended to validate the areas susceptible to debris flows 

and adjust by accounting for local controlling factors. 
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Figure 20 Illustration of the debris flow reach susceptibility map in the Pasakha area. 

3.1.2.4 Flood Susceptibility Mapping 

The methodology for the flood susceptibility map in the study areas is adapted from the widely 

used HEC-RAS 5.0 model developed by the US Army Corps of Engineers (2016). This model 

computes the flood height based on 1D steady flow hydrodynamics at multiple cross-sections 

along the river channels (Figure 21 and Figure 22). For each cross-section, the flood model 

computes river discharge rate Q as a function of the water height H, that depend on: 

• The topography defining the hydraulic slope I of the river, the wetted area A and 

perimeter P which depend non-linearly on the water height H 

• The land-use and surface characteristics of the river cross-section defining the 

Strickler constant CS 
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Figure 21 Flood modelling in HEC-RAS 5.0 at multiple cross-sections along a river channel (from US Army Corps 

of Engineers 2016). 

 

Figure 22 Example cross-section showing the variables used in the flood susceptibility modelling. The land-use 

map provides the Strickler constant CS (20× vertical exaggeration). 

Now in an iterative adjustment, for each cross-section, we step-by-step increase the flood height 

H to assess the wetted area A and perimeter P until the computed Q(H) corresponds to the 

targeted flood discharge rate Q300. Then we interpolate all computed maximum flood elevations 

Zflood between the cross-sections. Finally, we intersect this flood elevation map with the DEM to 

delimit the area susceptible to flooding. 

The following subsections provide details on the application of the methodology in the Gelephu 

and Phuentsholing-Pasakha AOIs. 

Creation of River Cross-Sections and Hydraulic Slopes 

The rivers in the study areas are identified using standard hydrology GIS functions applied on 

the 30 m spaceborne Copernicus DEM. As specified in the statement of work, only major rivers 
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with a drainage area larger than 3 km² are considered in this pilot study (Figure 23). In addition 

to automatic GIS processes, we had to manually correct some river courses in settled areas to 

match the riverbeds visible on the available satellite imagery. Then, we calculated the Strahler 

stream order to distinguish major rivers from their tributaries and to divide the river network 

into different segments between two river junctions (see example for Gelephu AOI in Figure 23).  

Later, river cross-sections are extracted from the DEM with a spacing of 100 m, leading to a total 

of 1780 cross-sections (1062 in Gelephu and 718 in Phuentsholing-Pasakha areas). Each profile is 

at least 600 m long (300 m on both sides of the river), but longer profiles (up to 3,300 m) are 

created for the largest rivers in the flood plains to ensure full coverage of the flood-prone area 

(Figure 23).  

Finally, we calculate the hydraulic slope I as the average slope of each river segment. Using the 

average slope for the whole segment instead of the local slope centred on each cross-section is 

obviously a simplification of the real river long profile, where steeper parts may alternate with 

flatter stretches. But this simplification is necessary because of the coarse DEM cell size. 
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Figure 23 Map of the rivers in the Gelephu and Phuentsholing-Pasakha AOIs with the river cross-sections used 

for the flood susceptibility mapping. 

Energy-Loss Coefficients Based on Land-Use Maps 

The flood model uses the Strickler constant CS (i.e., the inverse of Manning’s n-values, which are 

commonly used in English/American publications) as a measure of energy loss due to friction, 
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which depends on many factors, including surface roughness of the channel and flood plain, 

vegetation, channel irregularities, channel sinuosity, and obstructions, but also suspended 

material and bedload in the river (US Army Corps of Engineers 2016). As field calibrations of 

these parameters are beyond the scope of this pilot study and the purpose of susceptibility 

mapping, we assess the Strickler constant CS on empirically determined and published values: 

the HEC-RAS 5.0 Reference Manual (US Army Corps of Engineers 2016) presents in Table 10 an 

overview of Manning’s n-values for different types of streams (natural or artificial), flood plains 

(vegetation, trees, cultivated areas), constructed surfaces (concrete, asphalt) etc. with minimum, 

normal and maximum values for each type. 

For the different land-use types distinguished in the available land-use map, i.e., forest, 

vegetation, bare surfaces & rivers, roads, and buildings, we chose conservative values from the 

lower end of the range of CS-values in accordance with a susceptibility map goal. This choice was 

iteratively calibrated on several cross-sections in both AOIs to ensure that the flood level covers 

the active flood plain or the major riverbed. 

Table 10 Strickler constant CS for the different land-use types in the study areas. The minimum, mean and 

maximum values are based on literature values and the chosen, conservative CS-values are calibrated on the 

active flood plains in the study areas. 

Land-use type 
Strickler constant CS Manning’s n-value 

Chosen Min. Normal Max. Min. Normal Max. 

1 Forest 8 6 10 20 0.050 0.100 0.160 

2 Vegetation 15 14 25 40 0.025 0.040 0.070 

3 Bare surfaces & rivers 20 17 29 40 0.025 0.035 0.060 

4 Roads 40 40 67 77 0.013 0.015 0.025 

5 Buildings 5 5 8 10 0.100 0.120 0.200 

Flood Discharge Rate 

The flood discharge rates Q used for this pilot study are based on empirical relationships for the 

calculation of the “design flood” developed by the Nepalese Water and Energy Commission 

Secretariat (WECS) and Department of Hydrology and Meteorology (DHM). Indeed, empirical 

relations for flood discharge rate Q as a function of drainage area AD are required to 
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compensate for the lack of gauge data for Bhutan1. DHM’s regional approach (Sharma and 

Adhikari, 2004, cited in WECS 2019) provides peak discharge rates for different flood return 

periods (Eq. 2 and Eq. 3): 

𝑄
100

= 61.4 × 𝐴𝐷
0.51 (2) 

𝑄
2
= 4.2 × 𝐴𝐷

0.70 (3) 

Where Q100 and Q2 are the discharge rates in m³/s for a flood with return period T of 100 and 2 

years, respectively, and AD is the drainage area in km². 

Then the discharge rate for other return periods T can be calculated by Eq. 4: 

𝑄
𝑇
= 𝑄

2
× (

𝑄100

𝑄2
)
𝑆𝑇 𝑆100⁄

 (4) 

Where ST and S100 are the standard normal variates for return periods T and 100 years, 

respectively, provided in Table 3-2 in WECS (2019). The values for ST being only calculated to 

T ≤ 100 years, we logarithmically extrapolated the value for S300 = 3.124. Combining this value 

with Eq. 2, 3 and 4, we obtain the peak discharge rate for a 300-year flood in Nepal (Eq. 5): 

𝑄
300

= 154.1 × 𝐴𝐷
0.44 (5) 

In this pilot project, we use a return period of 300 years, which is the maximum return period 

considered for flood hazard assessments in Switzerland (FOEN, 1997). Again, this long return 

period is appropriate for susceptibility mapping of floods. 

Now to transpose these discharge rates to the higher precipitation rates in the study areas in 

Bhutan, we used the 1°-gridded global precipitation measurements archive from 2010 to 2019 

provided by the Global Precipitation Climatology Centre (GPCC, 2020). For each year and grid cell 

we calculated the maximum daily rainfall, which we then averaged. In the study areas in Bhutan, 

the average of maximum daily rainfall R (125 mm/day) is approximately 32% higher than in 

Nepal (95 mm/day). But the discharge rate increases with the ratio of precipitations to the power 

of exponent n (between 0.5 and 0.8; Cudworth, 1989). Using a conservative value of n = 0.8, we 

obtain (Eq. 6) 

𝑄
300.𝐵ℎ𝑢𝑡𝑎𝑛

= 𝑄
300.𝑁𝑒𝑝𝑎𝑙

(
𝑅𝐵ℎ𝑢𝑡𝑎𝑛

𝑅𝑁𝑒𝑝𝑎𝑙
)
𝑛

= 𝑄
300.𝑁𝑒𝑝𝑎𝑙

× (1.32)0.8 = 192.4 × 𝐴𝐷
0.44 (6) 

 

1 For a possible production of a flood susceptibility map for entire Bhutan, we recommend using 

local gauge data from the National Center for Hydrology and Meteorology (NCHM) of the Royal 

Government of Bhutan. The NCHM maintains 74 hydrological and flood observation stations in 

Bhutan and has also conducted several flood hazard studies, including for glacial-lake outburst 

floods (GLOFs) (see for example the 2019 annual report: NCHM, 2020). 
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These extrapolations and assumptions lead probably to a conservative estimate for the 300-year 

flood discharge rate in the Bhutan study areas, which is appropriate for flood susceptibility 

maps.  

3.1.2.4.1 Flood Modelling and Interpolation 

The iterative computation of the flood water height Hflood is performed in a Microsoft Excel 

spreadsheet with a custom VBA script looping over the individual river cross-sections. This 

computation also provides the flood water elevation Zflood and the start and end points of the 

flooded area for each profile (Figure 22). Then we use Zflood from each profile to interpolate the 

flood water elevations over both study areas. Because some river cross-sections overlap (Figure 

23), we compute the flood water elevation for each stream order separately, before combining 

them using the maximum flood elevation. 

Finally, we get the flood water height maps by calculating the difference between the maximum 

flood elevation map and the DEM (Figure 24). After filtering interpolation artefacts, i.e., patches 

of flooded areas that are not connected to any river, and filling of small gaps, i.e., areas of 

<5,000 m² that are surrounded by flooded areas, we generate the final flood susceptibility map 

for the Gelephu and Phuentsholing-Pasakha AOIs (Figure 26). 

The computed flood water height maps for the Gelephu and Phuentsholing-Pasakha AOIs (Figure 

24) show the areas prone for extreme flood events. Details of these maps are shown in Figure 25 

for the towns of Gelephu and Phuentsholing-Pasakha. 

These water heights indicate also how high the water may rise above the present ground; this 

information can be useful for consequences and risk assessments at a pertinent and relevant 

regional indicative scale. However, one needs to keep in mind that these water levels are based 

on empirical relationships with limited available calibration data for Bhutan. It means that, the 

computed values should not be used for the design of flood hazard and flood mitigation 

measures, which would require local gauge data and finer parametrizations. 

The final flood susceptibility map for the Gelephu and Phuentsholing-Pasakha AOIs is shown in 

Figure 26. 
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Figure 24 Flood water height maps for the Gelephu and Phuentsholing-Pasakha AOIs. 
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Figure 25 Detail of the flood water height maps for the towns of Gelephu (top) and Phuentsholing (bottom). 

High-resolution satellite imagery enhanced by DEM-based contour lines are used as background map. 



 REPORT 

 

 

REPORT | Gn-ADPC-169-v3.0  Page | 44 of 56 

 

 

 

Figure 26 Map of the rivers in the Gelephu and Phuentsholing-Pasakha AOIs with the river cross-sections used 

for the flood susceptibility mapping. 
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 Vulnerability Model 

The infrastructure grid was combined with the climatic susceptibility maps to produce the final 

infrastructure financial vulnerability model. 

According to the United Nations International Strategy for Disaster Reduction (UNISDR), 

vulnerability relates to “the characteristics and circumstances of a community, system or asset 

that make it susceptible to the damaging effects of a hazard.” (UNDRR, 2009).  

Understanding vulnerability gives an indication how susceptible people and economic assets 

may suffer due to loss and damages from a hazard and to therefore include mitigation measures 

into planning processes (UNDRR, 2019). 

In this study, Geoneon calculated the financial vulnerability in each grid cell as the hazard 

susceptibility weight multiplied by the asset replacement value. This financial vulnerability was a 

function of the level of hazard susceptibility and the replacement value of the infrastructure. 

Each level of hazard susceptibility had a weighting that was applied to the infrastructure value of 

the affected infrastructure. The units of vulnerability were therefore a single weighted 

replacement cost of infrastructure per cell. This presents a simple metric for easy spatial 

interpretation of the financial vulnerability of an area of infrastructure. 

Four financial vulnerability maps were computed for both pilot areas (Figure 27): 

1. Phuentsholing – Pasakha: 

a. Rockfall vulnerability. 

b. Debris flow vulnerability. 

c. Large torrent vulnerability. 

d. Flood vulnerability. 

2. Gelephu: 

a. Rockfall vulnerability. 

b. Debris flow vulnerability. 

c. Large torrent vulnerability. 

d. Flood vulnerability. 
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Figure 27 Example of infrastructure financial vulnerability to flood. 

3.2 Key Outputs/ Outcomes 

This pilot delivered, for both Phuentsholing - Pasakha and Gelephu watersheds in Bhutan, the 

following outputs, which achieved the agreed scope of work: 

• Very-high resolution and multi-band satellite data covering the pilot area of interest. 

• An infrastructure model based on replacement value metric. 

• An inventory of existing sudden shallow landslides or other erosional processes, and 

of permanent large deep-seated slow-moving earth- and rock- slides. 

• A rockfall susceptibility map. 

• A debris flow susceptibility map. 

• A flood susceptibility map along major rivers. 

• A vulnerability model of buildings, roads, and power lines to rockfall, debris flow, and 

flood at a grid resolution of 30-by-30 meters.  

• Recommendations about mitigation measures (see Section 5). 

• A technical report (this report). 

In addition, a webpage containing web-maps (Figure 28) of all the results of the pilot was 

prepared and made available online, so to improve the communication of the results. This 

activity was not part of the agreed scope of work for this pilot. The webpage can be accessed 

with the following hyperlink: ADPC (geoneon.com). 

https://www.geoneon.com/case-studies/adpc
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Figure 28 A webpage containing web-maps was developed to improve the communication of the pilot results 

(ADPC (geoneon.com)). This was outside the originally agreed scope of work. 

The vulnerability maps highlight the areas where assets are high in financial vulnerability. These 

vulnerability maps can be used to determine areas where a detailed geological study may be 

needed. 

3.3 Major Achievements 

The pilot has enhanced the knowledge about potential climatic disasters and their financial 

impact on infrastructure in both Phuentsholing - Pasakha and Gelephu watersheds in Bhutan. By 

liaising regularly with the Department of Disaster Management over the last 6 months, the pilot 

has contributed to considering advanced analysis of remote sensing technology as an important 

tool for disaster risk reduction. 

Some highlights and achievements over the last 6-month period included: 

• Demonstrated that large areas can be assessed for disaster risk reduction and climate 

change adaptation relying mainly on satellite data and advanced algorithms. Therefore, 

the solution is highly scalable, fast, and can be applied anywhere in the world.  

https://www.geoneon.com/case-studies/adpc
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• Used deep-learning model to segment all buildings on satellite data in the areas of 

interest, resulting in 4,063 (Phuentsholing) and 4,713 (Gelephu) buildings being mapped, 

compared to the 1,510 (Phuentsholing) and 1,763 (Gelephu) buildings in the data 

provided by the Department of Disaster Management. 

• The whole scope of work was achieved within the planned timeframe and budget. 

3.4 Visible Early-Stage Impact 

It is very early at the time of this report to be able to measure tangible impact of the solution. 

However, a few early-stage impacts are: 

• The web-maps display the hazard susceptibility and vulnerability are a valuable 

resource for the Department of Disaster Management to promote awareness 

amongst the community and an efficient way to communicate with local 

governments to promote more resilient communities. 

• By providing a fast evaluation of zones where infrastructures are exposed to climatic 

disasters, field work can be optimised to focus on vulnerability hot spots. 

• Initial pilot results were presented to different disaster risk reduction and climate 

change adaptation specialists to promote the innovative approach. 

• The initial pilot results have triggered discussions with the Department of Disaster 

Management for further improvement and implementation of the solution. 
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4 CHALLENGES AND MITIGATION MEASURES 

Overall, the pilot was completed without major challenges. Some minor challenges and 

mitigation measures over the last 6-month period are summarised in Table 11. 

Table 11 Challenges and mitigation measures. 

Challenge Mitigation Measure 

Historical flood data was marginal, especially for 

previous discharge rates which are critical to 

calibrate the flood model 

The flood discharge rates used for this pilot are 

based on empirical relationships for the calculation 

of the “design flood” developed by the Nepalese 

Water and Energy Commission Secretariat (WECS) 

and Department of Hydrology and Meteorology 

(DHM). 

The discharge rates were transposed to the higher 

precipitation rates in the study areas in Bhutan, we 

used the 1°-gridded global precipitation 

measurements archive from 2010 to 2019 provided 

by the Global Precipitation Climatology Centre 

(GPCC, 2020). 

There were some challenges with the landslide 

inventory map for mainly two reasons: 

1. low DEM resolution and the dense forest 

(that's covering the main part of the area of 

interest) both hampered our visual 

capabilities 

2. there was no big active deep-seated or 

large landslides in the area of interest that 

even in that context would have been 

identified. 

 

Two conclusions: 

1. if we would like to produce such maps for 

the entire country, we would have to 

consider only areas with high altitude, 

above the forest stage, or areas not in 

forests. 

2. It also means that, within our current area 

of interest, main infrastructures in 

urbanized areas seems not to be exposed 

to such active permanent continuous deep-

seated landslides. 

 

Our main point of contact at the Department of 

Disaster Management in Bhutan left the 

organisation. This complicated the liaison with the 

stakeholders in Bhutan for the last stage of the pilot. 

 

A new point of contact who was familiar with the 

pilot at the Department of Disaster Management 

could help with the last stages of the pilot. 
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5 RECOMMENDATION 

This section discusses mitigation measures that can be implemented to cope with climatic 

disasters considered in this pilot – i.e., slope instabilities and flood. The recommended measures 

focus on an integrated risk management approach and involve land use planning based on risk 

and alert in the event of ground movements, including the following fields of activity:  

1. Monitoring existing hazards and identification of new hazards. 

2. Reviewing and adapting land use planning and infrastructure. 

3. Adaptation of protective structures to the evolution of hazards. 

4. Emergency planning and preparation for the evolving situation. 

5.1 Hazard Identification and Risk Monitoring 

Ground movements in slope areas are slow processes which are often difficult to detect. To 

identify impending hazard events and changes in the hazard situation, it is necessary to monitor 

the ground movement processes and their development. Continuous monitoring of known 

sources of hazard enables detection of new developments linked to ground movements and 

identification of new sources of hazard. 

Additionally, the basics of risk and hazard assessment, including hazard maps, a register of 

events, a register of protection works, and an overview of potential damage must be undertaken 

to identify changes in time, identify the need for action, and to set priorities. 

5.2 Control of Land Use Planning in Exposed Areas 

As hazard situations can evolve, especially considering the effect of climate change, susceptibility 

and vulnerability maps must be verified regularly and modified if needed. The results must then 

be replicated into land-use planning. 

New developments and infrastructures must be planned based on the level of risk and, if 

possible, carried out in long-term safe areas. Future developments and existing infrastructure 

located on exposed sites must, where appropriate, be adapted to be able to withstand the 

identified level of hazard. 

5.3 Adaptation of Protective Structures 

It is important to design the mitigation measures, especially the protection structures, so that 

they can be adapted as the hazardous situation evolves due to climate and land-use changes. 

For instance, forests play an important role in the stabilisation of ground movements in slope 

areas. They will also be increasingly affected by climate change – i.e., drought, wildfires –, and 

their protection and maintenance must adapt to these changing conditions. 
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5.4 Emergency Planning and Awareness 

Due to climatic changes, adaptations are necessary. Emergency management strategies and 

plans must be developed and periodically updated as the situation evolves. The foundations for 

disaster and emergency preparedness need to be adapted. 

After an event, it is important to document the facts and carry out analyses to obtain useful 

results for the future planning of emergency management. 

Those responsible for planning and construction of buildings and infrastructure must be trained 

in the management of slope hazards to take risks into account in their work. Similarly, private 

owners must be able to take their responsibilities for the protection of their property to avoid 

risk increase or possible new risks. 

Raising awareness amongst the population is an essential condition to enable individuals to 

adopt appropriate behaviours when hazard risk is high, which would therefore considerably 

reduce the number of injuries and casualties from these events.  
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6 CONCLUSION AND WAY FORWARD 

The pilot has demonstrated that it is possible to have a methodology using mainly satellite data 

and advanced algorithms, including machine learning, as a fast and scalable way to identify 

infrastructure vulnerability hotspots. 

The pilot and specifically the web-maps presenting the different hazard susceptibility and 

vulnerability are a valuable resource for the Department of Disaster Management to promote 

awareness and communicate with local governments about disaster risk reduction and climate 

change adaptation. Especially in areas where limited information is available. 

The extension of the implementation of the solution would be valuable if the opportunity to 

secure additional funding would arise and the following recommendations have been identified 

in conjunction with the Department of Disaster Management: 

1. Areas to prioritize in Zone I, III, and IV of Bhutan: 

a. Zone I: Districts of Samtse, Thimphu 

b. Zone III: Districts of Bumthang, Zhemgang 

c. Zone IV: Districts of Samdrupjongkhar, Pemagatshel, Mongar. 

2. Indicators: More Indicators should be considered including in the order of preference: 

a. Demographic: e.g., age of population, sex ratio, average household size. 

b. Socio-economic: e.g., unemployment rate, literacy rate, health and sanitation, 

electricity connection, house material, income. 

c. Economic: e.g., investment, customers, goods import/ export. 

3. Other hazards: The pilot focused on flood and slope instabilities, however other climatic 

hazards such as wildfire, and windstorm should also be considered. 

7. Other infrastructures: The pilot considered buildings, roads, and power lines, but it 

would be useful to also include water infrastructure, and communication networks. In 

addition, it would be relevant to be able to differentiate school and health center 

buildings, and humanitarian staging areas. 

4. Storage and permanence of the web-maps: It will be important to have a way for the 

Department of Disaster Management to ensure the availability and maintenance of the 

web-maps on the long-term. 

5. Web-platform: The development of a web-platform enabling more interactivity from the 

user side to visualise, interrogate the different models, and extract meaningful analytics 

to support decision-making. 
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