
 

MFB-GeoConsulting GmbH, Hans-Huberstrasse 41,  
CH-4500 Solothurn  
www.mfb-geo.com  
Gamma Remote Sensing AG, Worbstrasse 225,  
CH- 3073 Gümligen,  
www.gamma-rs.ch  
SUPSI-IST, Campus Trevano, Via Trevano  
CH-6952 Canobbio 
www.supsi.ch/ist 

 

 
 

 

ESA/WB  COLLABORATION ON SATELLITE 
EO IN THE HIMALAYAS (NEPAL AND 

BHUTAN) 

OPERATIONAL DOCUMENTATION  

 
 
 
 
 
 
 
 
 
reference/réference OD_MFB_GAMMA_SUPSI 
issue/édition 1 
revision/révision 0 
date of issue/date d’édition  22/10/2015 
status/état Final 
Document type/type de document Technical Note 
 
 
 
 



 
Operational Documentation 

issue 1 revision 0 –22/10/2015 
 

page 2 of 105 
 

 

TABLE OF CONTENTS 

1 THE PURPOSE OF THE DOCUMENT.......................................................................................4 

2 EXECUTIVE SUMMARY ...........................................................................................................5 
2.1 The World Bank Project context ......................................................................................5 
2.2 Requirements for Geo-Spatial Information ......................................................................6 
2.3 Interpretation of the results...............................................................................................6 

2.3.1 SERVICE 1 – LAND USE MAPPING.............................................................................6 
2.3.2 SERVICE 2 – FLOOD  HAZARD AND LANDSLIDE MAPPING ..................................21 
2.3.3 SERVICE 3 – DEM GENERATON...............................................................................54 
2.3.4 SERVICE 4 – GLAZIAL LAKE OUTBURST FLOOD HAZARD MAPPING (GLOF) .....63 
2.3.5 BENEFITS AND LIMITATIONS OF THE EO BASED PRODUCTS.............................64 

3 PRODUCTS DESCRIPTION ...................................................................................................65 
3.1 Products............................................................................................................................65 

3.1.1 LAND USE MAPS (Service 1)......................................................................................65 
3.1.2 FLOOD HAZARD MAPS (Service 2) ...........................................................................68 
3.1.3 LANDSLIDE HAZARD MAPS (Service 2)....................................................................70 
3.1.4 DIGITAL ELEVATION MOSELS (Service 3)................................................................74 
3.1.5 GLOF (Service 4).........................................................................................................81 

3.2 Metadata............................................................................................................................81 
3.2.1 METADATA FOR LAND USE, FLOOD HAZARD, LANDSILDE HAZARD AND GLOF 
HAZARD MAPS....................................................................................................................81 

4 GUIDELINES FOR USE ...........................................................................................................82 

5 VALIDATION RESULTS .............................. ...........................................................................88 
5.1 Quality Checking ..............................................................................................................88 

5.1.1 SERVICE 1 – LAND USE MAPSland use maps..........................................................88 
5.1.2 SERVICE 2 – LANDSLIDE HAZEARD AND FLOOD HAZARD MAPS........................89 
5.1.3 SERVICE 3 – DEM GENARATION .............................................................................91 
5.1.4 SERVICE 4 – GLOF ....................................................................................................91 

5.2 Initial Validation................................................................................................................92 
5.2.1 SERVICE 1 – LAND USE MAPS .................................................................................92 
5.2.2 SERVICE 2 – LANDSLIDE HAZEARD AND FLOOD HAZARD MAPS........................92 
5.2.3 SERVICE 3 – DIGITAL ELEVATION MODELS ...........................................................92 
5.2.4 SERVICE 4 – GLOF ....................................................................................................92 

6 NON-CONFORMANCE ...........................................................................................................93 
 
 
 



 
Operational Documentation 

issue 1 revision 0 –22/10/2015 
 

page 3 of 105 
 

 

7 APPENDIXES ..........................................................................................................................94 
7.1 APPENDIX 1 ......................................................................................................................94 

7.1.1 SERVICE OPERATION ...............................................................................................94 
7.1.2 ANCILLARY DATA PROCUREMENT .......................................................................101 

7.2 APPENDIX 2 ....................................................................................................................102 
7.2.1 ACCRONYMS AND ABBREVIATIONS ....................................................................102 

7.3 APPENDIX 3 ....................................................................................................................103 
7.3.1 GLOF ASSESSMENT REPORT ...............................................................................103 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Operational Documentation 

issue 1 revision 0 –22/10/2015 
 

page 4 of 105 
 

 

1 THE PURPOSE OF THE DOCUMENT 
 
The Operational Documentation for the pilot “ESA/WB collaboration on Satellite EO in the 
Himalayas (Nepal and Bhutan)” describes the services and products generated based on earth 
observation data and provided by the partners MFB-GeoConsulting GmbH, Gamma Remote 
Sensing AG and SUPSI-IST and accompanies the final products delivered. 
 
The purpose of this document is to explain and illustrate the results of Task 2 and contains: 

• a description of the EO products and services including the according metadata 
• guidelines for the use of the EO products and services 
• results of the quality control and initial validation procedures 

 
The products cover four (4) areas of interest (AOI), two in Bhutan (Amo Chhu River Basin and 
the  Paro/Chomolhari region) and two in Nepal (Koshi River Basin and the Lukla region), which 
are depicted in Figure 1 as displayed on ESA Geohazards Web Platform. 
 

 

Figure 1:  Location of the areas of interest in Nepal and Bhutan. 

  
The generated products will be described in detail in Section 3. 
 
Within this document we aim to firstly describe the products and services themselves, secondly 
to explain the quality checking and validation procedures and their results which allow the users 
to put the products in a context in terms of quality and accuracy, and thirdly to give the users 
guidelines at hand that propose how to use the products and services appropriately to benefit 
from the added value they provide. 
 

Lukla region 

Koshi River Basin 

Paro/Chomolhari region 

Amo Chhu River Basin 

NEPAL BHUTAN 
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Finally, with this document potential users in both countries should have a means to discuss the 
application of the involved satellite EO services for future requirements and projects as an 
alternative e to terrestrial or airplane based services. 
 

2 EXECUTIVE SUMMARY  
 

2.1 The World Bank Project context  
 
The World Bank is already actively involved in projects related to hydroelectricity and 
infrastructure planning (roads, dams, agriculture) in Nepal and Bhutan since several years and 
makes use of existing national data provided by the involved agencies from both countries. The 
data available often features comparably low spatial resolution, e.g. land use maps and DEM 
(Digital Elevation Models), or does not exist yet in the areas of interest, such as landslide hazard 
maps and glacial lake outburst flooding hazard maps, or might be outdated as in case of flood 
hazard information. In order to overcome these shortcomings, ESA and World Bank initiated the 
eoworld2 collaboration.  
 
The aim of this pilot-project within the eoworld2 initiative is to show the possibilities of EO 
products and services for DRR/DRM (Disaster Risk Reduction/Management) to support World 
Bank in this area, which in turn supports local users in order to provide a wider range of 
information as a basis for decision making than it is used until now. The focus in this pilot is on 
disaster risk management due to the fact that the region is affected by several problems being 
caused by climate change with significant consequences in terms of water regime and 
availability, especially the following: 
 

• Intensification of rainfall during the monsoon period with increased water flows and higher 
vulnerability of the settlements and agricultural land towards landslides, flooding and soil 
erosion. 

• Reduction of glacial and snow masses (water stock), with a drastic diminution of water 
availability during the spring time resulting in a high water stress for humans and animals 
and a drastic reduction of the agricultural productivity. 

• Permafrost degradation in rock walls and in debris, which may increase the rock fall 
hazard (for the permafrost degradation in rock walls) and have an influence on the 
generation of debris flows, in particular by the melting of the permafrost ice in rock glacier. 

• Intensive glacial melting, which as a major influence in the generation of debris flows and 
glacial lakes outburst floods (GLOF) occurring when a dam containing a glacial lake fails. 

 
Such transformations cause a direct impact on the communities living in high altitude regions of 
the Himalayas as well as on communities in the low lands which depend on the water resources 
provided by the Himalayas. 
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2.2 Requirements for Geo-Spatial Information 
 
As a main focus of the WB projects is on improving planning processes conducted by local 
actors under consideration of natural hazards caused by flood, landslide and GLOF events, EO 
based products and services can contribute to collect valuable information. The products being 
generated should ideally meet the following criteria in order to optimally enhance such planning 
processes: 
 

• The data needs to be preferably up to date or meet specific constraints in terms of the 
date, e.g. for mapping historic flood events 

• The spatial resolution of the products needs to be sufficient in order to identify the objects 
of interest, especially manmade infrastructures and agricultural areas 

• The data should include metadata and metadata descriptions that allow the users to 
handle it appropriately 

• Data formats should be well-suited to be handled on the users' hard- and software 
environment 

 

2.3 Interpretation of the results 
 
Within the frame of this pilot, the following EO based products were generated and will be 
described in the following (see also Figure 1): 

 
• Bhutan 

◦ Land Use Maps for the Paro / Chomolhari region and the Amo Chhu River Basin 
◦ Flood Hazard Map for the Amo Chhu River Basin 
◦ Landslide Hazard Map for the Paro / Chomolhari region 
◦ Digital Elevation Models for the Paro / Chomolhari region and the Amo Chhu River 

Basin 
◦ Glacial Lake Outburst Flood hazard assessment report. 
 

• Nepal 
◦ Land Use Maps for the Lukla region and the Koshi River Basin 
◦ Flood Hazard Map for the Koshi River Basin 
◦ Landslide Hazard Map for the Lukla region 
◦ Digital Elevation Models for the Lukla region and the Koshi River Basin 
 
 

2.3.1 SERVICE 1 - LAND USE MAPPING 

Regarding the Land Use / Land Cover information, the major findings from the image analysis 
are the resulting Land Use Maps  which feature a much higher degree of detail – thematically as 
well as geometrically – than the so far existing data, e.g. from ICIMOD. Especially for remote and 
mountainous terrain, this information is now available. Additionally, due to the recent imagery 
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utilized, land use information was updated to the state of 2013/14 for all four (4) selected areas of 
interest.  

General Approach to extract Land Use / Land Cover M aps from EO-Data  

The general processing approach followed the following predefined processing steps:  

• Preprocessing of EO Imagery (KOMPSAT-2 and RapidEye) 
• Use of Ancillary Data Sets 
• Classification of EO data 
• Quality checking 
• Map generation 
• Publication on Web Platform 

Preprocessing of  Imagery 

KOMPSAT-2 data from archives were available and delivered in two different data formats, 1R 
and 1G. For the 1R data-format two additional preprocessing steps were necessary: pan-
sharpening and geo-referencing.  This two steps were carried out using a commercial  SW-
solution called ERDAS Imagine Photogrammetry.  After ortho-rectification with the available 
terrain model, a  pan-sharpening process with all available RGB-bands was performed.  If 
appropriate the ortho-rectified data were mosaicked for each AOI. For individual scenes it was 
necessary to improve the radiometry (contrast) first. After orientation and generation of mosaics, 
the KOMPSAT-2 images could be co-referenced to the RapidEye images using an automated 
approach called AutoSync. Since no appropriate control points were available, this automatic 
algorithm was the appropriate solution. Nevertheless, the following verification with OSM data 
showed very good positional accuracy results. 
 
RapidEye data were already provided as ortho-rectified data, including all spectral bands. No 
preprocessing from our side was necessary. 

The following figures (Fig.2 and Fig.3) show the quick-looks (QL) of the footprints of applied EO 
imagery for the production of Land Use Maps for all areas of interest. 
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Figure 2 : Footprints EO data areas of interest in Bhutan. 

 

 

Figure 3:  Footprints EO data areas of interest in Nepal.  

 

 

Bhutan-Paro/Chomolhari region 
(AOI_E): KOMPSAT-2 (2013, 
2010) images. 
 

Bhutan-Amo Chhu River Basin (AOI_B): KOMPSAT-2 (2011-
2014) and RapidEye (2014) images. 
 

Nepal-Lukla region (AOI_C): KOMPSAT-2 
(2013, 2010) and RapidEye (2014) images. 

Nepal-Koshi River Basin (AOI_A): KOMPSAT-2 
(2013) and RapidEye (2014) images. 
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Use of Ancillary Data Sets 

The ancillary data used within the frame of this project was collected from different, mostly public 
and private sources. One important source for spatial data was the ICIMOD mountain geoportal, 
from which the Land Cover 2010 dataset was obtained and were used as a basis for generation 
of up-to-date Land Use Maps and as an additional layer for quality control. 

The Nepal and Bhutan Land Cover 2010 data sets as available from ICIMOD, were classified 
according to the FAO classification system. These data sets serve as a basis for generation of 
up-to-date Land Use Maps. Besides this ICIMOD has provided additional thematic layers to be 
used for the classification process. 

Another important dataset, partly used for quality control but also integrated in the data 
acquisition process, were the Open Street Map data for Nepal and Bhutan at the state of 
16.12.2014. This ancillary datasets were mainly used as an enhancement to satellite imagery for 
features that were not visible from space, e.g. roads/buildings/water bodies inside forests etc., or 
to extract semantic information e.g. in the case of aerodromes or industrial areas. This 
information was used as an additional layer-mask for optimization of classification results of the 
EO-data. 
  
As an additional supplement, Google Earth and Microsoft Bing image data were applied in order 
to fill gaps of data coverage caused e.g. by clouds or the image acquisition geometry.  

Based on the Land Cover 2010 shape-files thematic raster-layers were created and edited 
according to the given needs, which was different from one area of interest to the other. The 
following necessary rasterization step was fulfilled with ArcGIS-SW (Toolbox, Polygon to Raster) 
and the output directed to IMG-format for further image processing in ERDAS Imagine. The 
thematic raster elements were produced with a spatial resolution of 2m. 

Classification of EO Data   

The processing followed a predefined chronology: First the two smaller AOIs for Nepal-Lukla 
region ( AIO_C)  and Bhutan-Paro/Chomolhari region (AOI_E) were evaluated in order to transfer 
the results to the project partner SUPSI  to be used for Service 2 Landslide Mapping. Afterwards  
the large areas of Nepal-Koshi River Basin (AOI_A) and Bhutan-Amo Chhu River Basin (AOI_B 
were processed, which was less time crucial since Flood Hazard Mapping was performed on a 
later project stage. 
 
All Land Use Maps were produced based on unsupervised classification of KOMPSAT-2 images 
from 2013 mostly but also from 2010, while gaps here were filled with information derived from 
RapidEye imagery where available (see Fig.2/Fig.3). Based on visual interpretation and further 
ancillary data (Open Street Map, ICIMOD Land Cover 2010), the classes were assigned 
semantically and class borders edited manually where required. Still existing data-gaps caused 
by clouds, etc. were also filled by means of ancillary information (Microsoft Bing Aerial, Google 
Earth). The rivers and the road network were digitized semi-automatically, using a tracing tool 
that allows the interpreter to define the border lines and then refine them based on an image 
processing algorithm that compares the pixel values to a given reference.  
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For all four areas of interest a 2-level classification scheme (Table 1) was applied according to 
the FAO classification system, which has already been used for the ICIMOD Land Cover 2010 
product in order to keep consistency for Land Cover Maps. Nevertheless different Land Use 
Classes were retrieved for each area of interest. 

Class Level 1 Class Level 2  

Agriculture Agriculture 1 

 Agriculture 2 

 Agriculture 3 

 Agriculture 4 

 Orchards 

Forest Dense Forest 

 Mixed Forest 

Water River 

 Lake 

 Manmade 

Road Sealed Road 

 Unsealed Road 

Built Up Urban 

 Rural Built Up 

 Built Up 

Industry Industrial Area 

 Quarry 

Aerodrome Aerodrome 

Low Vegetation Pastures 

 Shrubland 

 Sparsely Vegetated 

 Grassland 

High Vegetation High Vegetation 

Bare Soil Sand 

 Bare Soil 

 Bare Rock 

Snow and Ice Snow and Ice 

Table 1 : Land use classification scheme differentiated into Level 1 and 2. 

 
The generated land use maps feature a spatial resolution of 2 m and are projected into the 
geographic coordinate system with the WGS-84 ellipsoid as a horizontal and vertical datum. The 
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vector data in ESRI shape-file format was produced in the UTM Zone 45 North projection with 
WGS-84 as horizontal and vertical datum (EPSG Code 32645 for use in QuantumGIS). 
 
Buthan -  Amo Chhu River Basin (AOI B) 
 
The Amo Chhu River Basin is located in the south west of Bhutan, our area of interest covers an 
area of 2760 km2. The topographic characteristics feature large forested areas with small rural 
settlements and agricultural areas but as well mountainous rock surface to the north and 
settlements, agriculture and further man made infrastructures in the south. Table 2 shows the 
percentage of areas covered by each classified type of land cover. 
 
Class Areal percentage of coverage [%] Area in km2 

Agriculture 0.88 24.39 

Bare Rock 1.15 31.87 

Bare Soil 1.71 47.34 

Built Up 0.02 0.48 

Crop 1.21 33.32 

Dense Forest 70.86 1956.29 

Grassland 0.98 27.17 

High Vegetation 0.54 14.80 

Lake 0.01 0.22 

Mixed Forest 15.53 428.78 

Orchards 0.62 17.23 

Pastures 1.56 42.97 

Quarry 0.05 1.39 

River 0.66 18.14 

Rural Built Up 0.12 3.42 

Sand 0.34 9.33 

Sealed Road 0.13 3.49 

Shrubland 1.89 52.05 

Snow & Ice 0.0015 0.04 

Sparsely Vegetated 1.38 38.14 

Unsealed Road 0.05 1.32 

Urban 0.23 6.35 

Water 0.08 2.15 

Table 2 : Amo Chhu River Basin; Area extend in km2 and percentage of area covered by the 
classified types of land cover. 
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Buthan - Paro / Chomolhari region (AOI E).  
 
The Paro / Chomolhari region in Bhutan covers an area of ca. 590 km2 and features a similar 
topography as the Lukla region in Nepal: In the south, agricultural areas, settlements and 
manmade infrastructures represent the main types of land cover while upwards the Paro valley 
dense forest occurs more frequently and finally in the northern part of the area of interest 
sparsely vegetated areas, glaciers and glacial lakes can find as well as bare rock in the 
mountains. Table 3 lists the percentage of areas of the occurring classes with respect to the 
whole area of interest. 
 
Class Areal percentage of coverage [%] Area in km2 

Aerodrome 0.02 0.09 

Bare Rock 2.68 15.85 

Bare Soil 3.12 18.46 

Dense Forest 33.33 197.12 

Mixed Forest 0.10 0.59 

Lake 10.38 61.41 

Pastures 5.04 29.83 

River 0.47 2.81 

Road 0.14 0.80 

Rural Built-Up 1.82 10.78 

Sand 0.01 0.07 

Settlement 0.17 0.98 

Shrubland 4.00 23.63 

Snow & Ice 16.39 96.92 

Sparsely Vegetated 22.33 132.07 

Table 3 : Paro / Chomolhari region; Area extend in km2 and percentage of areas covered by the 
classified types of land cover. 

 
Figure 4  shows an example of the mentioned classes and focuses on the surroundings of the 
settlement of Paro.  
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Figure 4 : Land Use Classification for Buthan-Paro/Chomolhari region; zoom-in to the settlement 
of Paro in the south of the AOI, including road and water networks.  

 
Nepal - Lukla region (AOI C) 
 
The Lukla region partly belongs to the Sagamartha National Park and can generally be 
characterized topographically as forested area with few settlements and agricultural areas in the 
south and along the river valleys and sparsely vegetated areas, glaciers and rock surface in the 
mountainous north. Additionally, glacial lakes occur frequently in the northern part of the area of 
interest, which covers about 605 km2. According to the land cover classification performed, the 
following classes cover the areal percentages as listed in Table 4.  
 
Class Areal percentage of coverage [%] Area in km2 

Aerodrome 0.004 0.02 

Agriculture 0.53 3.22 

Bare Rock 13.39 80.96 

Bare Soil 20.12 121.70 

Dense Forest 10.91 65.99 

Mixed Forest 0.36 2.20 

Path 0.07 0.45 

Sand 0.14 0.82 

Settlement 0.01 0.06 

Shrubland / Grassland 0.18 1.08 

Snow & Ice 14.11 85.31 

Sparsely Vegetated 39.12 236.58 

Water 1.05 6.37 

Table 4 : Lukla region; Area extend in km2 and percentage of areas covered by the classified 
types of land cover. 
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Figure 5  shows a zoomed example of the mentioned classes and focuses on the settlement of 
Lukla in the south of the AOI, which appears as a red spot. The river network is outlined very 
clearly.  
 

Figure 5 : Land Use Classification for Nepal-Lukla region; the settlement of Lukla in the 
south of the AOI, which appears as a red spot, as well as the river network are outlined very 
clearly. 

 
 
Nepal – Koshi River Basin  (AOI A) 

For this large area of interest - the extend of the Nepal-Koshi River Basin is about 5150 km2 - 
more classes need to be considered, like for the Amo Chhu study area in Bhutan, due to the 
different characteristics of the land cover in this area (see Table 5 and Figure 6).  

Class Areal percentage of coverage [%] Area in km2 

Agriculture  32.87 1692.94 

Aerodrome 0.02 0.94 

Bare Soil 3.23 166.29 

Built Up 0.46 23.70 

Dense Forest 36.57 1883.47 

Grassland 4.44 228.69 

High Vegetation 1.89 97.24 

Industrial Area 0.002 0.10 

Lake 0.04 2.19 

Manmade 0.10 5.28 

Mixed Forest 4.49 231.30 

Quarry 0.002 0.09 
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River 1.31 67.27 

Sand 2.86 147.14 

Sealed Road 0.54 27.93 

Shrubland 9.27 477.68 

Sparsely Vegetated 1.17 60.08 

Unsealed Road 0.17 8.71 

Urban 0.57 29.34 

Table 5 : Koshi River Basin; Area extend in km2 and percentage of areas covered by the 
classified types of land cover. 
 

 

 
Figure 6 : Land Use Classification for Nepal-Koshi River Basin, Nepal; zoom-in to the 
southern part.  

 
 
Quality checking 
 
Generally and for all areas of interest, the EO image quality was high. The low cloud cover that 
occurred could be compensated by redundant images and ancillary data  (ICIMOD Land Cover 
2010 and Open Street Map data). In the case of Open Street Map, the data – mostly traffic 
networks - was verified and if necessary completed by visual image inspection as there is no 
reliable quality information existing. 
 
For further details on quality checking please refer to Chapter 5 Validation Results, 5.1 Quality 
Checking. 
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Map generation 

After the image classification step and the validation of results was successfully completed and 
the results vectorized, the appropriate FAO classification scheme and color-coding was applied 
with spatial resolution of 2m and minimal surface 0.01 ha. 

For each Land Use Map of the four areas of interest a different legend was compiled including 
only those classes available in the AOI.   

After this, all processed Land Use Maps were compiled into the EOWorld map template (see 
Figures 7 – 10). The water product, which exists as a separate vector dataset, was merged and 
also compiled into the map template.  

All Land Use Maps are available in the following formats: 

• as ESRI shape-files  in UTM Zone 45 N / WGS-84 projection, to be used in ArcGIS or with 
the proposed and delivered QGIS open source GIS free-ware product, 

• as GEOTIFF raster files , to be used in any raster-based image procession system as well 
as freeware image viewers (like ER-Viewer) or Adobe Photoshop, 

• as (Geo)PDF-Documents  to be viewed and printed even with Acrobat Reader (free-
ware), 

• Besides this the Land Use Maps are published as separate layers on the ESA 
Geohazards Web-Platform :  
https://geohazards-tep.eo.esa.int/geobrowser/#!&context=Community 
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Figure 7 : Land Use Map for Nepal-Koshi River Basin (AOI-A); refined colour coding, legend 
and description in EOWorld map template layout 
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Figure 8 : Land Use Map for Buthan-Amo Chhu River Basin (AOI-b); refined colour coding, 
legend and description in EOWorld map template layout  
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Figure 9 : Land Use Map for Nepal-Lukla region (AOI-C); refined colour coding, legend and 
description in EOWorld map template layout. 
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Figure 10 : Land Use Map for Bhutan Paro/Chomolhari region (AOI-E); refined colour 
coding, legend and description in EOWorld map template layout. 
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2.3.2 SERVICE 2 - FLOOD HAZARD AND LANDSLIDE HAZARD MAPPING 

 
2.3.2.1 Flood hazard mapping 
 
Koshi (Nepal) and Amo Chhu (Bhutan) rivers are both foothill braided rivers. They present thus 
an important channel mobility related to fluvial morphological changes, important variation in 
sediment fluxes and (especially for Koshi river) processes of channel avulsion. This high 
variability in the definition of all aquatic–terrestrial interfaces (shorelines) in the active floodplain 
at different water levels determine a large unpredictability in the river behaviour, and then allows 
a detailed flood susceptibility and hazard mapping for a sustainable spatial planning of activities 
and setting along the floodplain to be drawn.  
 
Considering these characteristics of both river basins analysed, and a partial lack in hydrological 
information (detailed water levels and runoff, high resolution topographical data of the hydro-
graphical network, etc.), the flood hazard assessment was based on a geomorphological 
approach allowing defining areas affected, similar areas not yet affected and areas unlikely to be 
affected by flood, on the basis of a geomorphological analysis of the landforms composing the 
fluvial system. In other words, this kind of analysis allows deducing former flood events from the 
fluvial system micro-morphological characteristics. This analysis may be supported, wherever 
possible, by detailed topographical data and by information on past flood events. 
  
This approach is based on two main considerations: 
 

• The water flows during floods is governed by the micro-topography of the floodplain; 
• Considering a similar morpho-climatic context (i.e. excluding fluvial metamorphosis), the 

observed configuration of the landforms composing the fluvial system, and the patterns of 
distribution of the fluvial sediment (i.e. the current state of the river), are formed by the 
same river characteristics that may cause floods in the future. 

 
Flood hazard assessment with a geomorphological approach as performed within this project 
was divided in four main steps, which are: 
 

1. Indirect mapping : based on a detailed geomorphological mapping of the fluvial landforms 
and processes; 

2. Direct mapping  (wherever possible): based on the actual flood mapping during or just 
after a documented flood, allowing characterising the flood behaviour and the fluvial 
system dynamics; 

3. Definition of flood susceptibility : the flood susceptibility of each geomorphological 
unit/subunit (very high, high, medium, low and very low susceptibility) was defined 
overlaying the steps 1 and 2; 

4. Definition of flood hazard zonation : the final zonation of the floodplain in areas with a 
respective high, moderate, low and residual flood hazard degree, was performed by the 
combination of steps 1 to 3. 

 
A short explanation and the major findings achieved for every step are exposed in the followings 
paragraphs. 
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Indirect mapping 
 
The detailed geomorphological mapping was performed by combining four EO base maps and 
considering the pros and cons of every product (Figure 11): 
 

• HRO RapidEye images : the geomorphological mapping was based on this product 
because this kind of images allowed, from a spatial point of view, a complete coverage of 
the AOIs and, from and hydrological point of view, the definition of a situation related with 
the river confined in its low-flow channel (HRO RapidEye images present the lowest river 
level of all the products used); 

• VHRO KOMPSAT-2 images : these very high resolution images were used for supporting 
the direct mapping in the definition of the geomorphological units, and also for the 
interpretation of the highest (in relation of the consulted products) water level, 
corresponding in main cases with the high-flow channel; 

• Google Earth : was used as ancillary information for supporting the direct mapping and for 
the interpretation of a “mean” water level (higher water level compared to HRO RapidEye 
images, but lower water level compared to VHRO KOMPSAT-2 images);  

• ASTGTM2 30 m resolution DEM  (produced in Service 3): this product was used only for 
a general overview of the fluvial geomorphology, as for example the reconnaissance of 
the active channel (large straight band of fluvial activity). Unfortunately, because of its low 
resolution, this DEM was not used neither for geomorphological mapping, neither for 
define terrace levels. 

 
The geomorphological mapping was performed by defining six geomorphological units, in two 
cases divided in two or main subunits, belonging to the floodplain (i.e. the flat area around the 
active channel that can be reached by a flood) and the fluvial foothill landforms, as for example 
alluvial fans (Table 6).  
 
The obtained geomorphological maps are:  
 

• Bhutan_AmoChhu- Flood-Map_geomorphology  
• Nepal_Koshi-Flood-Map_geomorphology. 

 
Concerning the scale adopted for geomorphological mapping, they was comprised between 
1:5,000 and 1:25,000 for the AOI in Nepal (Koshi river), and between 1:1,000 and 1:5,000 for the 
AOI in Bhutan (Amo Chhu river). 
 
Direct mapping 
 
Direct mapping data of historical flood events were retrieved thanks to the Dartmouth Flood 
Observatory of the University of Colorado (Boulder, CO)1. 

                                                 
1 http://floodobservatory.colorado.edu/ This web site and associated data by G. Robert Brakenridge and Albert J. Kettner are 
licensed under a Creative Commons Attribution 3.0 Unported License. 
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Figure 11:  Example of the four EO base maps used for flood hazard mapping. In blue, the 
boundaries of Koshi river basin AOI in Nepal.  
 
 
Unit Subunit Identified landforms in the AOIs 

Geomorphological landforms Koshi river (Nepal) Amo Chhu (Bhutan) 
River bed  √ √ 
Dry river bed  √ √ 
Palaeochannel  √ √ 
Silt and/or salt bar  √ √ 

River terrace, 1st level √ √ 
River terrace, 2nd level √ √ 
River terrace, 3rd level √ √ 
River terrace, 4th level √ X 

River terrace 

Relict river terrace √ X 
Active alluvial fan √ √ Alluvial fan 
Relict alluvial fan √ √ 

Anthropogenic landforms 
Dam/bridge  √ √ 

Table 6:  Geomorphological units/subunits mapped in the two AOIs for flood hazard assessment. 
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     Figure 12 : Flood geomorphological map; Koshi River basin  



 
Operational Documentation 

issue 1 revision 0 –22/10/2015 
 

page 25 of 105 
 

 

 
            Figure 13 : Flood geomorphological map; AmoChhu River basin 
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For the two AOIs, it was possible to retrieve the flood extent in 27 different moments for 15 flood 
events for Koshi river in Nepal (Table 7), and for 9 different days corresponding to 6 flood events 
for Amo Chhu river in Bhutan (Table 8). 
 
 

Filename Date map # Flood 
observatory Began Ended Duration 

in Days 
Main 

cause 2 Severity 3 

20010915Bihar109L7b 15.09.2001 1791 07.09.2001 24.09.2001 18 1 1 
20020716Bihar121M250 16.07.2002 1974 21.06.2002 28.08.2002 69 2 1 
20020725Bihar121M250 25.07.2002 1974 21.06.2002 28.08.2002 69 2 1 
20020808BiharNepal121-
146M250 

08.08.2002 1999 21.07.2002 15.08.2002 26 2 1 

20031810735BiharF134Ma2.32.
35 

30.06.2003 2248 11.06.2003 10.10.2003 122 2 2 

20041770730Bihar096Ma2.36 25.06.2004 2507 20.06.2004 07.10.2004 110 2 2 
20042090730Bihar096Ma2.36 27.07.2004 2507 20.06.2004 07.10.2004 110 2 2 
20042910715Brama159Ma2.37 17.10.2004 2570 07.10.2004 18.10.2004 12 1 1 
20052500735SKosi085Ma2.44 07.09.2005 2690 07.07.2005 27.07.2005 21 2 1 
20062700510BagHug189M2.39 27.09.2006 2965 18.09.2006 05.10.2006 18 2 1 
20073160450BangWetM2.47 12.11.2007 3226 15.11.2007 01.12.2007 17 3 1 
20082370505_NEIndia_3365_M
25_null 

24.08.2008 3372 30.08.2008 08.09.2008 10 2 1.5 

20082460500_BiharKosi_3365_
M25_null 

02.09.2008 3365 18.08.2008 24.09.2008 38 1/ 2 2 

gangesbrahma20090804T 04.08.2009 3519 01.08.2009 04.08.2009 4 4 1.5 
GangesBrahmaputra20090826a 26.08.2009 3529 15.08.2009 27.08.2009 13 1/ 5 1 
GangesBrahmaputra20090828a 28.08.2009 3529 15.08.2009 27.08.2009 13 1/ 5 1 
GangesBrahmaputra20090831a 31.08.2009 3529 15.08.2009 27.08.2009 13 1/ 5 1 
gangesbrahma20090901a 01.09.2009 3551 25.09.2009 12.10.2009 18 1 2 
gangesbrahma20090901t 01.09.2009 3551 25.09.2009 12.10.2009 18 1 2 
gangesbrahma20090902a 02.09.2009 3551 25.09.2009 12.10.2009 18 1 2 
gangesbrahma20090902t 02.09.2009 3551 25.09.2009 12.10.2009 18 1 2 
gangesbrahma20090907t 07.09.2009 3551 25.09.2009 12.10.2009 18 1 2 
gangesbrahma20090908a 08.09.2009 3551 25.09.2009 12.10.2009 18 1 2 
gangesbrahma20090911a 11.09.2009 3551 25.09.2009 12.10.2009 18 1 2 
20091004_gangesbrahma_a 04.10.2009 3553 04.10.2009 12.10.2009 9 1 2 
20091004_gangesbrahma_t 04.10.2009 3553 04.10.2009 12.10.2009 9 1 2 
20091009_gangesbrahma_a 09.10.2009 3553 04.10.2009 12.10.2009 9 1 2 
bangladesh20091012a 12.10.2009 3553 04.10.2009 12.10.2009 9 1 2 
India320091012t 12.10.2009 3551 25.09.2009 12.10.2009 18 1 2 
bangladesh20091013a 13.10.2009 3553 04.10.2009 12.10.2009 9 1 2 
India320091013t 13.10.2009 3551 25.09.2009 12.10.2009 18 1 2 
MSW_2011241_080E030N_2D
2O_2C29_V 

28.08.2011 3854 15.08.2011 02.10.2011 49 2 2 

 
Table 7:  Basic information about the 27 different flood extents considered for defining flood 
susceptibility and hazard on the Koshi river (Nepal). Data source: G.R. Brakenridge, Global 
Active Archive of Large Flood Events, Dartmouth Flood Observatory, University of Colorado, 
http://floodobservatory.colorado.edu/Archives/index.html  
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Filename Date map # Flood 
observatory Began Ended Duration 

in Days 
Main 

cause 2 
Seve-
rity 3 

2001292x0450BangF 19.10.2001 1813 17.10.2001 19.10.2001 3 5 1 
20032170710BramMeg134Ma2.35 05.08.2003 2248 11.06.2003 10.10.2003 122 2 2 
20032180445Brama134M2.29 06.08.2003 2248 11.06.2003 10.10.2003 122 2 2 
20042910715Brama159Ma2.37 17.10.2004 2570 07.10.2004 18.10.2004 12 1 1 
20082370505_NEIndia_3365_M
25_null 

24.08.2008 3372 30.08.2008 08.09.2008 10 2 1.5 

20082480445_Bangladesh_336
5_M25_null 

04.09.2008 3371 30.08.2008 08.09.2008 10 2 1.5 

GangesBrahmaputra20090828a 28.08.2009 3529 15.08.2009 27.08.2009 13 1/ 5 1 
GangesBrahmaputra20090831t 31.08.2009 3530 18.08.2009 27.08.2009 10 2 1 
20091009_gangesbrahma_t 10.09.2009 3551 25.09.2009 12.10.2009 18 1 2 

Table 8:  Basic information about the 9 different flood extents considered for defining flood 
susceptibility and hazard on the Amo Chhu river (Bhutan). Data source: G.R. Brakenridge, 
Global Active Archive of Large Flood Events, Dartmouth Flood Observatory, University of 
Colorado, http://floodobservatory.colorado.edu/Archives/index.html  
 
 
Definition of flood susceptibility 
 
By a spatial analysis of the geomorphological units/subunits flooded during the historical flood 
events investigated, it was possible to define a degree of flood susceptibility for every single 
fluvial landform. For the Koshi river in Nepal, the entire area mapped was divided in three 
subareas, where the same geomorphological unit/subunit has a different degree of flood 
susceptibility in function of the localisation. This was made because the comparison between the 
geomorphological map and the historical flood extent (in particular the extent of the exceptional 
flood of August/September 2008; see example in Figure 16), highlighted a different behaviour 
between the areas upslope and downslope the Koshi barrage inside the embankments, and the 
area outside embankments. Five classes of flood susceptibility were defined (very high, high, 
medium, low, very low) on the basis of consecutive stages of increasing water level, making it 
possible the definition of a flood intensity under the flood hazard zonation applied in Switzerland4, 
as it was adopted in this pilot project (see the chapter “definition of flood hazard zonation). 
 
The results of flood susceptibility definition for Koshi and Amo Chhu rivers are presented in  
Table 9, whereas the obtained flood susceptibility maps are presented in the following maps:  
 

• Bhutan_AmoChhu- Flood-Map_ susceptibility  
• Nepal_Koshi-Flood-Map_ susceptibility 

 
 
 
 
 
                                                 
2 Main cause: 1 = Heavy rain; 2 = Monsoonal rain; 3 = Tropical cyclone; 4 = Levee failure; 5 = Dam release. 
3 Severity: 1 = large flood events with significant damage to structures or agriculture and/or 1-2 decades-long reported interval 
since the last similar event; 1.5 = very large events, greater than 20 year but less than 100 year recurrence interval; 2 = extreme 
events with an estimated recurrence interval greater than 100 years. 
4 Kunz M. & Hurni L. (2008). Hazard maps in Switzerland. State-of-the-Art and potential improvements. Mountain Mapping and 
Visualisation. Proceedings of the 6th ICA Mountain Cartography Workshop, 11–15 February 2008, Lenk, Switzerland: 133–138. 
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             Figure 14 : Flood susceptibility map; Koshi River basin 
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            Figure 15 : Flood susceptibility map; Amo Chhu River basin 
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Figure 16:  Geomorphological map of the Koshi river with, superimposed, the extent of the 
August/September 2008 flood. Koshi river zonation: INU = inside embankments, upslope Koshi 
Barrage; IND = inside embankments, downslope Koshi barrage; OUT = outside embankments. 
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Koshi river (Nepal)  Geomorphological 
unit/subunit  INU IND OUT 

Amo Chhu river 
(Bhutan)  

Dry river bed Very high Very high Low Very high 
Palaeochannel Medium Medium Low Medium 
Silt and/or sand bar Very high Very high Low Very high 
River terrace, 1st level High Very high Low High 
River terrace, 2nd level Low High Low Low 
River terrace, 3rd level Very low Low Very low Very low 
River terrace, 4th level Very low Very low – – 
Relict river terrace – Very low – – 
Alluvial fan Low – – Low 
Relict alluvial fan Very low – – Low 

Table 9:  Flood susceptibility of every geomorphological unit/subunit for the three zones defined 
on the Koshi river and for the Amo Chhu river. Koshi river zonation: INU = inside embankments, 
upslope Koshi Barrage; IND = inside embankments, downslope Koshi barrage; OUT = outside 
embankments.   
 
Definition of flood hazard zonation 
 
The flood hazard assessment was performed thanks to the magnitude-frequency diagram 
adopted in Switzerland (Figure 17A). The ten classes of hazard degree were defined according 
to the intensity and the probability of occurrence of an event, and were grouped on four hazard 
zones (high, moderate, low, residual). 
 
 
 

 
 
Figure 17:  A) Magnitude-frequency diagram for hazard assessment adopted in Switzerland. B) 
Correspondence between susceptibility and intensity, and between severity and probability, for 
defining the flood hazard on the Koshi and Amo Chhu rivers. 
 
Within this project, it was impossible to define precisely water height and velocity, the two 
fundamental criteria for defining the flood intensity within the Swiss system. Intensity was 
therefore estimated on the basis of the degree of susceptibility, as illustrated in Figure 17B. The 
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definition of five classes of flood susceptibility allowed a discrimination in situation where the 
hazard degree is not unambiguous, as for example for classes of hazard degree 2, 4, and 6 
(Figure 17B)5. This approach was adopted because the flood susceptibility is directly related in 
particular with the water height. 
 
The probability of occurrence was defined on the basis of the severity of the historical floods 
analysed. These two parameters are directly linked because the return times associated with the 
severity class defined by the Dartmouth Flood Observatory and the probability of occurrence 
defined in the Swiss system, are similar6. In the analysis performed by the Dartmouth Flood 
Observatory, the severity was quantified for the entire flood event, which in some cases may 
cover very large surfaces. The severity class was thus revised for every single event and for 
every considered area, for have a good correspondence at the basin scale of our analysis. 
 
The definition of flood intensity and probability, and thus of the relative flood hazard, are 
presented in detail in Tables 10 and 11. The resulting flood hazard zonation maps are: 
 

• Bhutan_AmoChhu- Flood-Map_ hazard  
• Nepal_Koshi-Flood-Map_ hazard 

 
 
 

Flood intensity Flood probability FLOOD HAZARD Geomorphological 
unit/subunit  INU IND OUT INU IND OUT INU IND OUT 
Dry river bed High High Low High Moderate Low High High Low 

Palaeochannel Moderate Moderate Low Low Moderate Low Low Moderate Low 

Silt and/or sand bar High High Low High Moderate Low High High Low 

River terrace, 1st level Moderate High Low High Moderate Low High High Low 

River terrace, 2nd level Low Moderate Low Low Moderate Low Low Moderate Low 

River terrace, 3rd level Low Low Low Unlikely Low Unlikely Residual Low Residual 

River terrace, 4th level Low Low – Unlikely Unlikely – Residual Residual – 

Relict river terrace – Low – – Unlikely – – Residual – 

Alluvial fan Low – – Low – – Low – – 

Relict alluvial fan Low – – Unlikely – – Residual – – 

Table 10:  Definition of the flood intensity and probability of occurrence, and thus of the flood 
hazard zonation, for the three zones defined on the Koshi river (Nepal). Koshi river zonation: INU 
= inside embankments, upslope Koshi Barrage; IND = inside embankments, downslope Koshi 
barrage; OUT = outside embankments. 

 

 

                                                 
5 As, for example in hazard degree class 4, for the same higher probability of occurrence, the hazard was high (red zone) for a 
high susceptibility, and was moderate (blue zone) for a medium susceptibility. Same thing for the hazard degree class 2, where a 
low susceptibility define a moderate hazard (blue zone), respectively a very low susceptibility define a low hazard (yellow 
zone), for the same moderate probability of occurrence. 
6 (DFO) severity class 1: return time of 10-20 years. (Swiss) high probability: return time < 30 years. 
(DFO) severity class 1.5: return time > 20 years but < 100 years. (Swiss) moderate probability: return time > 30 years but < 100 years. 
(DFO) severity class 2: return time > 100 years. (Swiss) low probability: return time > 100 years. 
(Swiss) very low probability (unlikely event): return time > 1,000 years. 
DFO = Dartmouth Flood Observatory. 
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Geomorphological 
unit/subunit Flood intensity Flood probability FLOOD HAZARD 

Dry river bed High High High 
Palaeochannel Moderate Moderate Moderate 
Silt and/or sand bar High High High 
River terrace, 1st level Moderate High High 
River terrace, 2nd level Low Low Low 
River terrace, 3rd level Low Unlikely Residual 
Alluvial fan Low Low Low 
Relict alluvial fan Low Low Low 

Table 11:  Definition of the flood intensity and probability of occurrence, and thus of the flood 
hazard zonation, for the Amo Chhu river (Bhutan).  
 
According to the Swiss system, in the red zone (high hazard degree) we must to consider a 
possible rapid destruction of buildings or other infrastructures and an important risk for 
inhabitants both inside and outside of buildings. The hazard decrease in the blue zone (moderate 
hazard degree), where the risk is potentially present only outside of buildings (according to the 
strength of buildings). In the yellow zone (low hazard degree) people are only at risk (low) even 
outside of buildings, which may have limited damages but not of structural type. 
 
 
 
 

 
 

Figure 18:  Summary of the flood hazard zonation areas (in %) for the two analyzed rivers. Koshi 
river zonation: INU = inside embankments, upslope Koshi Barrage; IND = inside embankments, 
downslope Koshi barrage; OUT = outside embankments. 
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             Figure 19 : Flood hazard map; Koshi River basin 
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             Figure 20 : Flood hazard map; Amo Chhu River basin 
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Figure 21:  From geomorphological to hazard mapping. Overview of the methodology adopted in 
this study, with the example of the Amo Chhu river near Phuentsholing (Bhutan), close to the 
Indian boundary. 
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Figure 18 present a summary of the flood hazard zonation for the Koshi and Amo Chhu rivers 
according with the hazard map drawn in this project. It is interesting to highlight the different 
percentage of hazard zones inside and outside embankments for the Koshi river, and also 
upslope and downslope the Koshi barrage. Considering the sum of red and blue zones, the most 
exposed area is located downslope the Koshi barrage, where 87% of the surface analysed 
present a high or a moderate flood hazard. Outside the embankment, the yellow zone (low 
hazard) correspond with the zone that was inundated during the August/September 2008 flood, 
whereas the zone of residual flood hazard correspond to the 3rd level fluvial terraces, which were 
preserved by flooding during this event. 
 
By a spatial analysis of flood hazard zonation with land cover for the Amo Chhu river in Bhutan 
(Table 12), it is possible to highlight the flood risk, i.e. when the flood hazard has an impact on 
human infrastructures (in this case, built up zones, industries and roads). The most of human 
infrastructures on Amo Chhu river floodplain are subject to low and residual flood hazards. Any 
infrastructure is subject to moderate flood hazard, but there is a small part of built up zones 
(2.15%) and industries (2.44%) subject to a high flood hazard. These are certainly the most 
vulnerable areas of the entire sector analysed. Most of the forest zones are subject to a low flood 
hazard, whereas the most of water zones are (logically) subject to a high flood hazard. 
 
 

Percentage of surface [%] Land cover 
[Class L1] High hazard Moderate hazard Low hazard Residual haz ard 
Bare soil 74.38 98.10 20.40 35.85 
Built Up 2.15 0.00 44.34 42.01 
Forest 5.52 1.32 22.87 7.70 
Industry 2.44 0.00 2.75 3.54 
Low Vegetation 0.00 0.11 0.07 0.00 
Road 0.66 0.00 9.16 10.24 
Water 14.86 0.47 0.41 0.65 

Table 12:  Typologies of land cover for every hazard zone on the Amo Chhu river (Bhutan). 
 
 
A summary of the methodology of flood hazard zonation adopted in this study, based on a 
geomorphological approach where, for every geomorphological unit, a degree of susceptibility 
was defined on the basis of consecutive stages of increasing water level, corresponding with an 
increasing return time and then with increasing flood hazard levels, is presented in Figure 21. 
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2.3.2.2  Landslide hazard mapping 
 
Landslide hazard mapping was performed for the Lukla region (Nepal) and Chomolhari/Paro 
region (Bhutan). These two areas belong to the Himalayas mountain belt. Two main rivers (Dudh 
Koshi and Paro) flowing between steep slopes with elevation ranging meanly between 1,800 and 
7,000 m asl. Due to the high energy of relief associated with an active tectonic, many slope 
instabilities occur in these two regions.  
 
The landslide hazard assessment over large regions based on EO products represents an 
important aspect for the disaster risk reduction in the whole Himalayan region. It was performed 
based on geomorphological (photo-interpretation) and quantitative (InSAR analysis) approach 
and was divided in two main steps: 
 

1. Indirect mapping : based on a compilation of a landslide inventory map at regional scale 
by means the satellite photointerpretation; 

2. Landslide hazard mapping : based on the state of activity of mapped phenomena, which 
was based on the surface displacement rates quantified from differential SAR 
interferometry according to the guidelines developed in Switzerland. 

 
Indirect mapping 
 
The first step for the landslide hazard assessment was represented by the compilation of 
landslide inventory maps at regional scale based on the interpretation of satellite optical images 
(VHRO KOMPSAT-2 and HRO RapidEye) and optical stereo images. With this approach 
landslides were recognized from their typical instabilities landforms and, according to the quality 
of the images, geomorphological features associated with the mass movements such as scarps, 
counterscarps, trenches, debris flows, rockfalls and debris fans were mapped. According to their 
kinematics, landslides were classified using the USGS method (Varnes, 1974 modified by Hungr 
et al., 2014, Figures 22 and 23) in: 
 

• Slides : In this category were grouped all landslides characterized by rotational or 
translational slides of a mass of rock or, more rarely, of soil, along one or more breaking’s 
plans. The sliding surfaces are often clearly distinguishable along the border of the entire 
area of movement. In the sliding areas the accumulation zones were mapped with 
polygons, while the detachment zone (scarp) was delimited by a line in correspondence of 
the escarpment edge. The surficial active slides characterizing areas affected by active 
erosion were also mapped. 

 
• Flows : This category includes various types of instability, different in morphology, in 

material, and in movement velocities. In this work were included in this category flows 
(material that deform permanently under the influence of a constant mechanical stress) in 
soil material characterized by different movement rates (fast, slow until relict). At the 
opposite of landslides, flows are relatively shallow. They exhibit often a typical gibbous 
morphology (hummocky) given by the presence of numerous scarps and counterscarps. 
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Figure 22:  USGS classification method used for the ESA/WB Himalaya Project. 
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• Falls : These instabilities concern detachments of rock masses with volumes comprised 

between 100 to 1,000,000 m3. Compared to the phenomena of rock avalanches (classified 
as flows), rockfalls involve limited interaction forces between the single elements and use 
low energy values. Rockfall deposits are easily recognizable by the presence of huge 
mono-lithological boulders with irregular shape and a low sphericity index. These 
accumulations are often characterized by the absence of a fine interstitial matrix. 

• DSGSD: Deep seated gravitational slope deformations (Sackung) are creeping 
phenomena affecting the rock mass until high depths but lacking of a fully defined rupture 
surface. The triggering agent of this phenomenon is probably is the releasing stress result 
of glaciers melting, while the force of gravity or tectonic causes the slow deformation. The 
deformations reach typically a maximum displacement velocity of few centimetres per 
year. The recognition of such phenomena is based on morphological and 
morphostructural evidence like graben structures formed by the association of scarps and 
antithetical that characterize often the high part of the slopes, double ridges, slides and 
rockfalls characterizing the toe of the DGSDs. 

 

 
Figure 23:  Examples of mapped landslide: clockwise, a surficial slide (active erosion), a 
rotational rockslide, an earth flow, a rockfall (base image: Google Earth). 
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The advantage of observing a wide portion of territory with satellite images allows mapping of 
large landslides hardly recognizable through site surveys. All recognized phenomena were 
georeferenced and organized in a GIS environment completed by assigning a database to each 
polygon with additional information such as area, state of activity and type of material involved. 
The final product is able to provide information on the landslide’s type, extension, morphological 
activity and geometry in a spatial geodatabase. To complete the mapping of instabilities and 
have a three dimensional vision of the landforms, a Digital Elevation Model (produced in Service 
3) and Google Earth were used as ancillary information. The join application of all these methods 
allows collecting a lot of information about natural phenomena, and also to increase to the 
maximum allowed the accuracy of the final product. 
 
 
Landslide inventory mapping: the Lukla region (Nepal) 
 
The 7.5% of the Lukla area (total of 725 km2) are affected by landslide. 210 landslides were 
mapped, distinguished in 20 Deep Seated Gravitational Slope Deformations (DSGSDs), 117 
rockslides, 30 rockfalls, 7 flows and 36 surficial slides (active erosion zones). Considering the 
type of landslide, the major number is represented by slides (56%) but in terms of percentage on 
total landslide area, deep seated gravitational slope deformations cover the major surface (57% 
of total landslide area). Flows represent only the 3% of the total number of mapped landslides 
(Table 13). Regarding the state of activity (see paragraph below), most of mapped landslides 
were classified as active (44% of the total number). Regarding the distribution of the state of 
activity with respect to the type of mapped landslides, were classified as active all the erosion 
zones, 60% of the DSGSDs, 44% of the rockslides, 59% of the rockfalls and 29% of the flows 
(Figure 24).  
 

Landslide type Number Area (km 2) 

DSGSD 20 30.68 
Rockslide 117 16.53 
Rockfall/Rockavalanche 30 3.90 
Flow 7 0.96 
Erosion area 36 1.81 
TOTAL 210 53.88 

Table 13:  Mapped landslides in the Lukla region (Nepal). 
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Figure 24:  Summary of type of landslide and state of activity regarding Lukla region (Nepal). 
 
 
Landslide inventory map: the Chomolhari region (Bhutan) 
 
The 6% of the Chomolhari area (total of 620 km2) is affected by landslides. 77 landslides were 
mapped and distinguished in 16 Deep Seated Gravitational Slope Deformations (DSGSDs), 49 
rockslides, 8 rockfalls, 3 flows and only 1 surficial slide (active erosion, Table 14). Considering 
the type of landslide in terms of total number, the main part is represented by slides (64%), but in 
terms of total landslide area, the main part is represented by DSGSDs (59%, Figure 25). 
Regarding the state of activity (see paragraph below) most of mapped landslide were classified 
as active (57% of the total number). Regarding the distribution of the state of activity with respect 
to the type of mapped landslide, were classified as active 88% of the DSGSDs, 51% of the 
rockslides, 63% of rockfalls and 33% of the flows (Figure 25). 
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Landslide type Number Area (km 2) 

DSGSD 16 21.94 
Rockslide 49 13.67 
Rockfall/Rockavalanche 8 0.84 
Flow 3 0.99 
Area of erosion 1 0.02 
TOTAL 77 37.46 

Table 14:  Mapped landslide in the Chomolhari region (Bhutan). 

 

 

  

  

Figure 25:  Summary of type of landslide and state of activity regarding Chomolhari region (Bhutan). 
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             Figure 26: Landslide inventory  map, Lukla Region, Nepal 
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             Figure 27: Landslide inventory map, Paro/Chomolhari region, Bhutan 
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Production of landslide hazard map 
 
Landslide hazard mapping was thus performed by combining the landslide inventory maps with 
surface deformation maps, under the assumption that landslides are more dangerous if moving 
fast. The surface displacement, determined from satellite SAR interferometry using Persistent 
Scattered Interferometry (PSI) and differential interferograms (DinSAR), (Figure 28), was the 
main criteria to define the state of activity of mapped landslides.  
 
DinSAR has been applied to stacks of ERS-1/2 SAR, ENVISAT ASAR, ALOS PALSAR, 
TerraSAR-X, Radarsat-2 images acquired between 1992 and 2014 from ascending and 
descending orbits for a better spatial coverage (see Appendix). Displacement is derived from the 
interpretation of the phase difference of the signals acquired by two satellite SAR acquisitions 
after compensation of the topographic effects with use of the TanDEM-X DEM (Bamler and Hartl, 
1998; Rosen et al., 2000). Major limitations to the application of DinSAR arise from layover and 
shadow and phase de-correlation caused by snow cover at higher elevations and vegetation 
cover at lower elevations, in particular at C- and X-bands (Strozzi et al., 2013). Accurate 
interpretation of wrapped interferometric signals, following the recommendations given in 
Barboux et al. (2014 ) to understand DInSAR signals in mountainous areas, was performed from 
the large dataset available to us in order to locate and estimate the displacement rate of moving 
zones. As a rule of tumb an error estimate of ¼ of a phase cycle is considered for the DInSAR 
images (Strozzi et al., 2001). 
 
PSI analysis (Ferretti et al., 1999; Wegmüller et al., 2003) were conducted only with the stacks of 
ENVISAT ASAR images of the descending orbit and of ALOS PALSAR images of the ascending 
orbit, because for the other image stacks the number of acquisitions was not sufficient for this 
kind of processing. PSI results consist of linear deformation rates and displacement histories in 
the satellite Line-Of-Sight (LOS) direction. Reference points were selected individually for each of 
the sensors in areas estimated as stable. In the PSI average displacement rates maps negative 
values indicate an increase in the distance from target to satellite or, in general, a lowering of the 
surface. Published products specifications indicate that the error of single ENVISAT ASAR 
deformation measurements is between 4.2 and 6.1 mm and that of the average displacement 
rates ranges from 1.0 to 1.8 mm/yr over a time period of 5 years (Crosetto et al., 2009). LOS 
displacement errors of the ALOS PALSAR interferograms of 14 mm were assessed by Sandwell 
et al. (2008) at Kilauea Volcano (Hawaiian Islands), while an average displacement rate error of 
9 mm/yr was assessed by Ng et al. (2012) over a period of four years in Jakarta (Indonesia). 
 
Landslides can be defined as continuous processes (in terms of displacement rates) and are 
characterized by phases of variable activity; periods of increased sliding velocity alternate with 
periods of apparent inactivity (Figure 29). The state of activity was defined as: 
 

• Active:  Sliding processes that are currently in a movement phase are considered active. 
The displacement may be minimal, even if the deformation of less than one millimeter can 
be difficult to observe; 

• Reactivated: A slide is defined reactivated when changing from an inactive to an active 
phase. As a rule, reactivated slide move along a preexisting sliding zone; 

• Inactive:  The landslides that do not move for several years are considered inactive. More 
precisely, they can be defined as: 
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• Suspended : When the mass has moved during a year, but is in a phase of inactivity; 
• Dormant : When landslides remain exposed to further movements; 
• Relict : When in the near future new movements are not expected, because the original 

causes are not more involved on the slide; 
• Stabilized : When consolidation measures have blocked the mechanisms of activation. 

 

 

Figure 28:  Satellite SAR interferometry in Lukla region (Nepal) on a Google Earth image. At left: 
PSI ALOS PALSAR registered form 11.02.2007 to 19.02.2010; at right, ALOS InSAR registered 
from 30.12.2007 to 19.02.2010. 

 

 
Figure 29:  Summary of the possible phases of activity of a landslide (modified from: FOEN, 2009). 
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To make more understandable the data interpretation, in the landslide hazard mapping the state 
of activity was summarized in three main classes: active, inactive/dormant and relicts. The state 
of activity, and thus the landslide hazard, was determined according to the guidelines developed 
in Switzerland (Lateltin et al., 2005; Table 15 and 16): 
 

• From PSI ALOS PALSAR, landslides with velocity between 0 and 3 cm/a were classified 
as active with low hazard ; 

• From PSI ALOS PALSAR, landslides with velocity between 2 and 3 cm/a were classified 
as active with moderate hazard ; 

• From differential interferograms (DinSAR), landslides with velocity between 3 and 10 cm/a 
were classified as active with moderate hazard ; 

• From differential interferograms (DinSAR), landslides with velocity between 10 and 50 
cm/a (up to 11 cm in 3 months) were classified as active with moderate hazard ; 

• Landslides without InSAR data (vegetated areas) but similar in terms of morphology and 
slope orientation to those with InSAR movements, were classified as active . The hazard 
depends to the velocity of displacements of the similar landslides; 

• Landslides with morphological evidence (collapse of the slide’s front, active debris flows, 
fresh and recent morphostructures), were classified as active with low or moderate 
hazard  depending to the morphology; 

• In absence of information on displacements, state of activity was defined as 
inactive/dormant . 
 
 

Type of instability Velocity from InSAR State of a ctivity 
Area of erosion ≥ 0 or Not available (NA) always active 

> 0 active 
NA morphological active Rockfall 
≈ 0 relict 
> 0 active 
NA morphological active 

Rockslide, flow and 
DSGS 

≈ 0 inactive/dormant 

Table 15:  Determination workflow for the state of activity of landslides. 
 

Table 16:  Determination workflow for landslide hazard. 
 
 

Velocity (cm/a) 
from InSAR 

Morphological 
evidences of activity State of activity LANDSLIDE 

HAZARD 
0–2 cm/a  High Low  
2–10 cm/a  Moderate Moderate 
10–50 cm/a  High High 
Unknown no Dormant/Inactive Low  
Unknown yes active Moderate/High 
0 cm/a  Relict None 
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Figure 30:  (A) Landslide inventory map; (B) Landslide state of activity map. 
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             Figure 31: Landslide state of activity map, Lukla Region, Nepal 



 
Operational Documentation 

issue 1 revision 0 –22/10/2015 
 

page 51 of 105 
 

 

 
             Figure 32: Landslide state of activity map, Paro/Chomolhari region, Bhutan 
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Figure 33:  Example of a landslide hazard map for the entire Lukla region AOI (Nepal).  
 
 
The landslide inventory map and the state of activity (hazard) were performed for both areas of 
interest (Lukla in Nepal and Chomolhari in Bhutan). An example of map of instabilities and map 
of state of activity for a part of the Lukla region is reported in Figure 30, whereas the 
corresponding landslide hazard map drawn with the Swiss system is reported in Figure 33. 
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             Figure 34: Landslide hazard map, Lukla Region, Nepal 
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             Figure 35: Landslide hazard map, Paro/Chomolhari region, Bhutan 
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2.3.3 SERVICE 3 – DEM GENERATION  

 
Introduction  
 
Service 3 aimed at producing Digital Elevation Models (DEM) at different scales for the four 
different AOIs. DEMs are an important information layer for many applications related to risk and 
hazard assessment and are also required for the orthorectification of satellite images. Depending 
on the necessary timeliness, spatial resolution, height accuracy, and cost different products may 
have the best cost/benefit ratio.  
 

Model Resolutio
n 

Horizontal 
accuracy 

Vertical 
accuracy 

Time 
period 

Artefacts Approximate cost Reference 

SRTM v4.1 ~90 m ~20m 16m absolute 
6m relative 

2000 <60° N 
void-filled 

Free Rodriguez et al., 
 2005 

SRTM 1 Arc-
Seconds  

~30 m N.A. N.A. 2000 <60° N 
with voids 

Free earthexplorer.usgs.
gov 

GDEM2 ~30 m 
posting 
72 m 

resolution 

~7m 6.1m flat 
15.1m 

mountain 

1999 - 
2008 

 

quality 
variable and 

voids 

Free Validation team, 
2011 

World 3D 
Topographic 

Data      

5 m 5 m 5 m 2006-2011 N.A. Raw: JPY 200/km2  
Standard : JPY 

500/km2  
(100 JPY = 0.86 

Euro) 

http://alos-
world3d.jp/en/ 

TanDEM-X 
(WorldDEM)  

12 m <6m 10m absolute 
2m relative 

2010-2013 N.A. € 10.- / km2 www.astrium-
geo.com 

TanDEM-X 
(GAMMA) 

~10 m N.A.  
5.2m absolute 

 

 
2010-2013 

layover and 
shadow 

N.A. Wegmüller et al., 
2013 

Pléiades 
DEM 4 

4 m 1.5-10m 
abs. 
1.5m 

relative 

2-10m abs. 
2m relative 

various 100-2000 km2 Stereo: Euro 40.-  / 
km2 

Tri-Stereo: Euro 70.-  
/ km2 

www.astrium-
geo.com 

 

Pléiades 
DEM 1 

1 m 1.5-10m 
abs. 
1.5m 

relative 

1.5-10m abs. 
1.5m relative 

various 100-2000 km2 
flat areas only 

Stereo: Euro 80.-  / 
km2 

Tri-Stereo: Euro 
110.-  / km2 

www.astrium-
geo.com 

Table 17:  Overview of potentially available DEMs for the areas of interest in Nepal and Bhutan. 
 
 
Taking into consideration the resources available to our project, for the Lukla and Chomolhari / 
Paro regions our choice was to produce in-house very high resolution DEMs from timely 
TanDEM-X acquisitions. The TanDEM-X acquisitions were obtained at scientific conditions from 
the German Aerospace Center DLR and processing was supported by the ESA/WP project. The 
TanDEM-X digital elevation data were used to complete the mapping of instabilities with a three 
dimensional vision of the landforms and the GLOF hazard assess with run-off modelling. For the 
Koshi and Amo Chhu river basins we focused on freely available DEMs that could be quickly 
adapted to users’ needs. DEMs of the two river basins are relevant to the project to possibly 
support the flood hazard assessment. Because of the limited budget available for this service, 
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the external purchase of DEMs (e.g. Pléiades or TanDEM-X from Atrium) was not be applicable 
and World 3D Topographic Data was released only after project start. 
 

 
Figure 36:  Location of the areas of interest in Nepal and Bhutan. 
 
Koshi and Amo Chhu river basins – SRTM 1 arc-second s and GDEM2  
 
Over the Koshi and Amo Chhu river basins of ca. 5200 km2 respectively ca. 2700 km2 DEMs 
with a spatial grid of 30 m were assembled from SRTM 1 arc-second and GDEM v2. A single 
raster data file in geotiff format covering the complete AOI was produced in both cases. A 
shaded relief of the SRTM 1 and GDEM v2 DEMs for a section of the Koshi river basin in Nepal 
is presented in Figure 37 & 38.  
 
The SRTM 1 arc-second DEM looks on flat areas less noisy than the GDEM v2. Indeed, due to 
its dependency on the availability of suitable cloud-free optical ASTER stereo images, the quality 
and accuracy of GDEM varies significantly globally. In addition, although provided at 30 m 
posting, it appears that the ASTER GDEM does not have a higher spatial resolution than 
SRTM4. 
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Figure 37 : SRTM 1 arc-second DEM for a section of the Koshi River Basin. Image size is 30 km. 

 

 
Figure 38 : GDEM v2 for a section of the Koshi river basin. Image size is 30 km. 
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Lukla and Chomolhari / Paro regions – TanDEM-X  
 
GAMMA produces in-house very high resolution DEMs from TanDEM-X data operationally. In a 
first step of our processing chain, appropriate TanDEM-X data are selected from the DLR 
catalogue with respect to the area of interest, time period and combination of ascending and 
descending acquisitions. Based on the metadata it is also checked if the data is acquired in 
bistatic mode or in ping-pong mode to apply the corresponding phase model and which sensor 
(TerraSAR-X or TanDEM-X) was the master and should be considered for geometric reference. 
Acquisitions performed along the ascending and descending orbits are combined in order to 
reduce the problem of areas masked by layover and shadow, because layover and shadow in 
mountainous regions affect differently areas of opposite slopes along north-south oriented 
valleys. 
   

  
Figure 39:  TanDEM-X images selected for very-high DEM production in the Lukla region 
(Nepal). Left: 2013.11.04 descending orbit. Right: 2012.01.31 ascending orbit. Areas of layover 
and shadow are masked in light blue. 
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Figure 40:  TanDEM-X images selected for very-high DEM production in the Chomolhari and 
Paro regions (Bhutan). Left: 2012.12.15 descending orbit. Right: 2013.03.19 ascending orbit. 
Areas of layover and shadow are masked in light blue. 
 
The first step of data processing includes data import into the GAMMA software. Co-registration 
of the Tandem-X SLC pair is not necessary because this is already addressed by DLR before 
data distribution. The next step is to conduct a geocoding using the SRTM V4 DEM to get the 
SRTM heights into the Tandem-X geometry, simulate the interferometric phase and calculate a 
differential interferogram. The derived differential interferograms look generally quite flat but 
shows local deviations related to noise (e.g. over water), topographic effects related to the low 
resolution of SRTM, and deviations related to actual changes of the topography. The most crucial 
step in data processing, phase unwrapping, is addressed in a following step. Best results are 
obtained using a minimum cost flow algorithm with a weighting factor based on the coherence, 
without application of any spatial filtering. Then, the unwrapped phases are converted to relative 
heights and moved to absolute heights using a height reference. The absolute heights are then 
re-sampled into the map geometry and quality control is applied. Finally, height maps from 
TanDEM-X data of ascending and descending orbits are combined with the SRTM V4 to get a 
spatially completed DEM. This is addressed by using a weighting proportional to 1/SQR 
(pixel_area) and considering for flat areas a SRTM V4 weight of about 1/10 of the weight for one 
of the two TDX DEMs. The final product has complete spatial coverage and a fine spatial 
resolution of ~10 m. For distribution to the users, contour lines and raster representation were 
also produced. 
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Figure 41 : Shaded relief of TanDEM-X DEM of the Lukla region . The extent of the AOI (red 
square rectangle) is ~680 km2. 
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Figure 42 : Zoomed in of the TanDEM-X DEM of the Lukla region with contour lines of 50 m. The 
bottom of the valley shows an increased noised because both there both TanDEM-X acquisitions 
of the ascending and descending orbits are affected by layover or shadow and the SRTM V4 
DEM had to be considered to fill in the data gap. Image width is about 10 km. 
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Figure 43:  Shaded relief of the TanDEM-X DEM of the Paro / Chomolhari region in Bhutan. The 
extent of the two AOIs (red polygons) is ~650 km2. Northern AOI shows the GLOF study area. 
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Figure 44:  Zoom in of the TanDEM-X DEM of the Paro / Chomolhari region in Bhutan with 
contour lines of 50 m equidistance. The blue circle to the west of the main glacier tongue 
indicates an area where both TanDEM-X acquisitions of the ascending and descending orbits are 
affected by layover or shadow and the SRTM V4 DEM had to be considered to fill in the data 
gap. Image width is about 10 km. 
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2.3.4 SERVICE 4 – GLACIAL LAKE OUTBURST FLOOD HAZARD MAPPING 

 
Service 4 has the aim to produce a GLOF hazard assessment for the supraglacial lake Wa-007 
on the Thangothang Chhu glacier, Chomolhari area in Bhutan Himalayas (Figure 45). Within the 
ESA/WB collaboration on Satellite Earth Observation (EO) in the Himalayas, this GLOF hazard 
assessment make it possible to join the observations carried out on flood hazard and landslide 
hazard mapping (Service 2), as well as to valorise the products derived from Land use / Land 
cover mapping (Service 1) and from the generation of high resolution Digital Elevation Models 
(DEM) (Service 3). 
 
The Wa-007 lake was directly selected by the project consortium, because any feedback was 
arrived by the questioned local users of the Bhutan government. The lake selection was then 
performed based on its location within the Paro/Chomolhari area of interest for demonstration of 
landslide hazard mapping and high resolution DEM extraction, and on scientific literature 
 
All the details related to Service 4 are presented in detail in the Assessment report for Glacial 
Lake Outburst Flood hazard on the Chomolhari area, Bhutan (see Appendix 7.3 ). 
 

 
Figure 45:  Google Earth image with the Glacial Lake Inventory of Bhutan using ALOS (Daichi) 
Data (light blue). The supraglacial lake object of this assessment report is Wa-007. 
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2.3.5 BENEFITS AND LIMITATIONS OF THE EO BASED PRODUCTS 

 
Benefits and limitations of EO based products are summarized in Table 18. 
 
Advantages and Benefits Limitations and Constraints  

� Acquisition and extraction of information 
covering large areas at reasonable cost. 

� The opportunity to exploit time series of 
data for monitoring purposes. 

� The products represent geoinformation  
that is quality controlled and can be 
used in digital form. 

� Based on the products with known 
accuracies, spatial analyses can be 
conducted in order to give decision 
makers additional valuable information. 

� SAR sensors deliver information even 
under difficult weather conditions. 

� The acquired satellite imagery is 
sustainable, which means that it can be 
re-processed in the future if required, 
e.g. to document changes in land use 

� Expensive airplane flights and field. 
missions can be reduced to a minimum. 

� Capacity building and training of the 
users is required to ensure that the 
products and services can be applied 
appropriately. 

� Terrestrial information is still a 
requirement in order to obtain highly 
accurate results, e.g. semantic 
information, ground truth or ground 
control points. 

� Depending on the weather conditions at 
image acquisition time, shadow areas 
and cloud coverage can cause gaps of 
information. 

� Expert knowledge required for flood and 
landslide hazard mapping from EO data. 

Table 18:  Benefits and limitations to be considered for the application of EO based products. 
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3 PRODUCTS DESCRIPTION  

3.1 Products 
 

Within the frame of this pilot, the following EO based products were generated and will be 
described in the following (see also Figure 1): 
 

• Nepal 
◦ Land Use Maps for the Lukla region and the Koshi River Basin 
◦ Flood Hazard Map for the Koshi River Basin 
◦ Landslide Hazard Map for the Lukla region 
◦ Digital Elevation Models for the Lukla region and the Koshi River Basin 

 
• Bhutan 

◦ Land Use Maps for the Paro / Chomolhari region and the Amo Chhu River Basin 
◦ Flood Hazard Map for the Amo Chhu River Basin 
◦ Landslide Hazard Map for the Paro / Chomolhari region 
◦ Digital Elevation Models for the Paro / Chomolhari region and the Amo Chhu River 

Basin 
◦ Glacial Lake Outburst Flood hazard assessment report. 

 

3.1.1 LAND USE MAPS (SERVICE 1) 

 
The land use maps were generated based on KOMPSAT-2 and RapidEye optical satellite 
images dating from the years 2011-2014 (KOMPSAT-2) and from 2014 (RapidEye). They feature 
a spatial resolution of 2 m and are projected into the geographic coordinate system with the 
WGS-84 ellipsoid as a horizontal and vertical datum. The vector data in ESRI shapefile format 
was produced in the UTM Zone 45 North projection with WGS-84 as horizontal and vertical 
datum (EPSG Code 32645 for use in QuantumGIS). 
 
By means of the ISODATA unsupervised classification algorithm, an image classification was 
produced for each scene and the classes were semantically assigned and merged by means of 
visual interpretation. Additionally, visual interpretation of the satellite images and manual editing 
and correction of the automatically derived data were conducted.  

The 2-Level classification whish was applied, is described in Section 2.3.1 Classification of EO 
Data.  Table 1 (p.10) shows the classes considered in general over all areas of interest, but not 
every class occurred in every area of interest. In the vector data representation, each class was 
assigned a numerical code as described. The following Figure 46 show the generated Land Use 
maps for the different areas of interest and the according legends. 
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Figure 46 : Land Use Maps with different L2-classes according to legends 
 
For further map details please refer to section 2.3.1 Classification of EO Data and Map 
generation. 
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3.1.2 FLOOD HAZARD MAPS (SERVICE 2) 

 
PRODUCT & THEMATIC CONTENT DESCRIPTION 

Service 2: Flood hazard mapping 
• Fluvial geomorphological map 
• Flood susceptibility map 
• Flood hazard map 

• Detailed map of geomorphological units/subunits on the 
floodplain 

• Detailed map of flood susceptibility (very high, high, medium, 
low, very low) for every geomorphological unit/subunit 

• Detailed map of flood hazard (high, moderate, low, residual) 
for every geomorphological unit/subunit  

TECHNICAL SPECIFICATIONS  PRODUCT EXAMPLE  
Spatial resolution 

• 600 km2 in Nepal and 25 km2 in 
Bhutan 

Geometric accuracy 
• < 1 pixel (< 1 m) 

Thematic accuracy 
• 80-90% overall accuracy 

Temporal resolution 
• From 2008 to 2014 

Coverage of the AOI 
• AOI Nepal: 11% 
• AOI Bhutan: 1% 

Coverage of the floodplain 
• AOI Nepal: 100% 
• AOI Bhutan: 100% 

Geographic coordinate system 
• UTM Zone 45 North projection with 

WGS-84   

INPUT DATA 
Earth observation data 

• VHRO KOMPSAT-2 (1 m spatial 
resolution)  

• HRO RapidEye (4 m spatial 
resolution) 

• DEM (30 m spatial resolution) 
• Google Earth 

METHODOLOGY 
• Image downloading, checking and 

selecting.  
• Mapping and attribute table 

organization in a GIS environment 
• Three dimensional optical verification 

of the landforms, with a Digital 
Elevation Model (produced in Service 
3) and Google Earth used as ancillary 
information 

• Image interpretation 
• Final GIS-based post-processing and 

map finalization 
• Quality checking and validation 

 

 

 
 
Example of the three map produced in the context of flood hazard 
mapping for the Amo Chhu river in Bhutan 
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Generated Flood Hazard Maps 
 

• Bhutan_AmoChhu- Flood-Map_geomorphology  
• Bhutan_AmoChhu- Flood-Map_ susceptibility  
• Bhutan_AmoChhu- Flood-Map_ hazard  

 
• Nepal_Koshi-Flood-Map_geomorphology. 
• Nepal_Koshi-Flood-Map_ susceptibility 
• Nepal_Koshi-Flood-Map_ hazard 

 
For further map details please refer to section 2.3.2.1 Flood hazard mapping. 
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3.1.3 LANDSLIDE HAZARD MAPS (SERVICE 2) 

 
PRODUCT & THEMATIC CONTENT DESCRIPTION 

Service 2: Landslide hazard mapping 
• Landslide inventory map 
• Landslide state of activity map 
• Landslide hazard map 

• Detailed map of instabilities boundaries and associated linear 
morphostructures 

• Detailed map of the state of activity (active, inactive/dormant, 
relict) based on satellite SAR interferometry velocities 

• Detailed map of landslide hazard (high, moderate, low) for 
every mapped feature  

TECHNICAL SPECIFICATIONS  PRODUCT EXAMPLE  
Spatial resolution 

• 750 km2 in Nepal and 620 km2 in 
Bhutan 

Geometric accuracy 
• < 1 pixel (< 1 m) 

Thematic accuracy 
• 80-90% overall accuracy 

Temporal resolution 
• From 2011 to 2014 

Coverage of the AOI 
• AOI Nepal: 100% 
• AOI Bhutan: 100% 

Geographic coordinate system 
• UTM Zone 45 North projection with 

WGS-84   

INPUT DATA 
Earth observation data 

• VHRO KOMPSAT-2 (1 m spatial 
resolution)  

• HRO RapidEye (4 m spatial 
resolution) 

• DEM (8 and 30 m spatial resolution) 
• Google Earth 

METHODOLOGY 
• Image downloading, checking and 

selecting.  
• Mapping and attribute table 

organization in a GIS environment 
• Three dimensional optical verification 

of the landforms, with a Digital 
Elevation Model (produced in Service 
3) and Google Earth used as ancillary 
information 

• Image interpretation 
• Qualitative interpretation of satellite 

SAR interferometric data 
• Final GIS-based post-processing and 

map finalization 
• Quality checking and validation 

 

 
 Landslide inventory map 
 
  
 
 
 
 
 
 
 
 
 
 

Landslide state of activity map 
 
  
 
 
 
 
 
 
 
 
 
 

Landslide 
hazard map 
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Generated Landslide Hazard Maps 
 
Maps 

• Bhutan_Paro/Chomolhari_Landslide morphostructures 
• Bhutan_Paro/Chomolhari_Landslide instabilities (inventory map) 
• Bhutan_Paro/Chomolhari_Landslide state of activity map 
• Bhutan_Paro/Chomolhari_Landslide hazard  map 

 
• Nepal_Lukla_Landslide morphostructures 
• Nepal_Lukla_Landslide instabilities (inventory map) 
• Nepal_Lukla _Landslide state of activity map 
• Nepal_Lukla _Landslide hazard  map 

 
 
 
Intermediate results - Surface displacement Maps  
 
Surface displacement was determined from satellite SAR interferometry using Persistent 
Scattered Interferometry (PSI) and differential interferograms (DinSAR).  
 

• Bhutan terrain motion – ALOS.20070218_20110301.Bhutan.2cmyr  
• Bhutan terrain motion – ALOS.20070218_20110301.Bhutan.1cmyr 
• Bhutan terrain motion – ALOS.20070218_20110301.Bhutan.5mmyr   
• Nepal terrain motion – ALOS.20070211_20100219.Nepal_N.1cmyr 
• Nepal terrain motion – ALOS.20070211_20100219.Nepal_S.1cmyr 
• Nepal terrain motion – ALOS.20070211_20100219.Nepal_N.2cmyr 
• Nepal terrain motion – ALOS.20070211_20100219.Nepal_S.2cmyr 
• Nepal terrain motion – ALOS.20070211_20100219.Nepal_N.3cmyr 
• Nepal terrain motion – ALOS.20070211_20100219.Nepal_S.3cmyr 

 
For further map details please refer to section 2.3.2.2 Landslide hazard mapping. 
 
 



 
Operational Documentation 

issue 1 revision 0 –22/10/2015 
 

page 74 of 105 
 

 

 
Figure 47: Landslide Mapping Surface displacement for Paro / Chomalhari region, Bhutan. 
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Figure 48: Landslide Mapping Surface displacement for Lukla region, Nepal. 
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3.1.4 DIGITAL ELEVATION MODELS (SERVICE 3) 

DEMs generated with TanDEM-X acquisitions have a spatial resolution of 0.0000833° (~10 m) 
and are projected into the geographic coordinate system with the WGS-84 ellipsoid as a 
horizontal and vertical datum. The raster data in geotiff format include the height values in single-
precision floating-point format. Geotiff's of the backscattering intensity images of the two 
TanDEM-X acquisitions along ascending and descending orbits indicates the spatial coverage of 
the employed input data. 
 
DEMs assembled from SRTM 1 arc-second and GDEM2 have a spatial resolution of 28.5m and 
are projected into the UTM Zone 45 North projection with WGS-84 as horizontal and vertical 
datum. The raster data in geotiff format include the height values in single-precision floating-point 
format. 
 
Quicklooks of the DEMs, as shaded reliefs or colour coded, are also distributed. 
 
Generated Maps 
 

• Contour lines for the Paro / Chomolhari region in Bhutan (AOI E).  
 

• Shaded relief for the Amo Chhu River Basin  in Bhutan. 
• Contour lines for the Amo Chhu River Basin  in Bhutan. 

 
• Shaded relief for the Koshi River Basin in Nepal 
• Contour lines for the Koshi River Basin in Nepal. 

 
• Contour lines for Lukla region in Nepal (AOI C). 
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Figure 49 : Contour lines for the Paro / Chomolhari region in Bhutan (AOI E). 
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Figure 50: Shaded relief for the Amo Chhu River Basin  in Bhutan. 
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Figure 51: Contour lines for the Amo Chhu River Basin  in Bhutan. 
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Figure 52: Shaded relief for the Koshi River Basin in Nepal 
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Figure 53: Contour lines for the Koshi River Basin in Nepal. 
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Figure 54: Contour lines for Lukla region in Nepal (AOI C). 
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3.1.5 GLOF (SERVICE 4) 

 
All the details related to Service 4 are presented in detail in the Assessment report for Glacial 
Lake Outburst Flood hazard on the Chomolhari area, Bhutan (see Appendix 7.3 ). 

3.2 Metadata 
 

3.2.1 METADATA FOR LAND USE, FLOOD HAZARD, LANDSLIDE HAZARD 
AND GLOF HAZARD MAPS 

 
The land use datasets were delivered with metadata attributes which contain information relevant 
for the use of this data. The following metadata information is valid for all 4 land use datasets, 
values for each dataset are listed in the Annex: 
 

• Type of geometry: Polygon 
• Layer extent: Corner coordinates of the layer's bounding box Xmin, Ymin, Xmax, Ymax  
• Spatial Reference System and Units 
• Number of objects contained by the layer 
• Source file 
• Data format (ESRI Shapefile) 
• Attributes 

 
For all Shapefiles, an XML file containing the metadata according to the ISO 19115 standard is 
available. 
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4 GUIDELINES FOR USE 

4.1 Guidelines for use 
 
The usability of the generated products by users and World Bank staff is a crucial issue within 
this context. In this section, the required information on how to access and exploit the described 
services and products is provided. The utilization of the data requires a certain technical 
knowledge and suitable software available to the users. Nevertheless we can distinguish various 
levels of utilization, e.g. viewing, spatial analyses deriving new products, enhancing the data etc., 
which imply different levels of knowledge on the user side and different levels of functionality on 
the software side. Table 19 lists several scenarios of use for each product, gives examples for 
suitable software. 
 
 
Product & Thematic 
content 

Delivery format File type Recommended Software 
(not exclusive)  

Service 1: Land Use 
Map 

Vector Data *.shp, incl. Metadata 
(.xml) 

ESRI ArcGIS DesktopTM 
(commercial), 
QuantumGIS (free, 
http://www.qgis.org) 

Service 2: Flood Hazard 
Map 

Vector Data *.shp, incl. Metadata 
(.xml) and .lyr File for 
display in ArcGIS 
DesktopTM 

ESRI ArcGIS DesktopTM 
(commercial), 
QuantumGIS (free, 
http://www.qgis.org) 

Service 2: Landslide 
Hazard Map 

Vector Data *.shp, incl. Metadata 
(.xml) and .lyr File for 
display in ArcGIS 
DesktopTM 

ESRI ArcGIS DesktopTM 
(commercial), 
QuantumGIS (free, 
http://www.qgis.org) 

Service 3: Digital 
Elevation Model (DEM) 

Raster and vector Data *.tif (GeoTIFF) 
*.shp, incl. Metadata 
(.xml) 

ESRI ArcGIS DesktopTM 
(commercial), 
QuantumGIS (free, 
http://www.qgis.org) 

Service 4: GLOF Hazard 
Map 

Document *.doc and *.pdf Microsoft WordTM 
(commercial), LibreOffice 
(free), 
Adobe Reader (free) 

Table 19:  Data formats and software recommendations for product use. 
 
To consider the need of decision makers to obtain ready to use information, non-technical 
summaries describing how this information can be interpreted and utilized were compiled (see 
chapter 2.3). Chapter 3 additionally contains a user-friendly documentation of the products and 
the according metadata while chapter 4 gives a documentation of the outcomes of initial product 
validation. 
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The EO based products can delivered in both analogue (hardcopy maps) and digital geo-
referenced raster or vector format (ArcGIS compatible with ISO compliant metadata), which is of 
use for further analyses and display by technical experts or accessed via the ESA Geohazards / 
tep Web-Platform (GEP). The ESA Geohazard Exploitation Platform is a browser-based geo-
portal that allows for display, search and download of geo-data.  
 
All data-sources and maps made available form EO data by the different services are accessible 
in general in the following formats: 
 

• as ESRI shape-files in UTM Zone 45 N / WGS-84 projection. 
 

ESRI shape-files can be used either with ESRI ArcGIS SW-Solutions or – as we propose  - with 
the open source GIS free-ware product QGIS. A fee copy of this SW to be installed on almost all 
common Computers running a Windows environment is delivered together with the data sources. 
On the other hand it can be it can be downloaded free of charge from the following website: 
http://www.qgis.org/en/site/forusers/download.html. The download-side is available in various 
different languages. 
 

• as GEOTIFF raster files.  
 
GEOTIFF raster files  can be used in any raster-based image procession system as well as 
freeware image viewers, like Adobe Photoshop Elements or ER-Viewer. ER-Viewer  is a free 
desktop image viewer application and Microsoft Office Plugin for ECW, JPEG2000, IMG, TIF, 
OTDF, ERS, ALG, NTF, DOQ and MrSID files. It is available for download under  
http://download.intergraph.com/downloads/erdas-er-viewer-2014-v14.01 
 

• as (Geo)PDF-Documents to be viewed and printed  
 

PDF-Documents can easily be viewed and printed with Acrobat Reader (free-ware), 
https://acrobat.adobe.com/us/en/products/pdf-reader.html?promoid=DINRS The download-side 
is available in various different languages. 
 

• Besides this the Land Use Maps are published as separate layers on the ESA 
Geohazards / tep Web-Platform (GEP):  
https://geohazards-tep.eo.esa.int/geobrowser/#!&context=Community  
 

 
ESA Geohazards / tep Web-Platform (GEP) 
 
The following section describes the access to the provided data and services via the ESA Geo-
hazards Platform. ESA GEP is able to be used with almost all common internet browsers. 
 
For a brief overview of the GEP please refer to the short presentation of the geohazards 
exploitation platform at: 
http://esamultimedia.esa.int/docs/EarthObservation/Geohazards/2015_FRINGE_ESA_GEP.pdf.  
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To access the provided and described services and the derived maps please follow the listed 
steps: 
 

• Open your browser  
• Access the ESA Geohazards/tep Web-Platform via copying https://geohazards-

tep.eo.esa.int/geobrowser/#!&context=Community in the registry of you browser 
• Type eoworld2 himalaya  into the search window 
• You will be prompted with your “Currant search results” 
• Refine your search results with adding AND AOI 

 
Your currant search results will show the areas of interest (AOI) of the four test-sides of the pilot 
(Figure 55) 
 

 
Figure 55 : Basin boundaries of four test-sides as displayed upon GEP-query. 
 

• Direct your search results to a certain thematic topic with adding AND for example “Land 
Use Map” 

 
Your currant search results will show the Land Use Maps of the four test-sides of the pilot (Figure 
56) 
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Figure 56 : Land Use Maps for Buthan as displayed upon GEP-query. 
 
 
• Click “zoom to layer ” for more detailed information and select via mouse the zoom-factor you 

would like to have applied. 
• Double-click on displayed layer  to view the according “pop-up” giving additional thematic 

layer-information necessary, such as “description” and “legend”. (Figure 57) 
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Figure 57 : Land Use Maps for Buthan, “zoom to layer” with displayed pop-up window. 
 
 
• On default all available layers for your most recent query were displayed with your previous 

selected zoom-level. By clicking on the eye-symbol (pops up inline with the layer-name) you 
can hide one or more layers, if you do not want them to be shown on the display.  

 
The user  step-by step guidelines show only one example – the Buthan Land Use Maps - of the 
overall provided EO products and services. All other available datasets from the prior spezified 
services, like DEM, contour-lines, Flood Hazard Maps (including intermediate results) as well as 
Landslide Hazard Maps (including intermediate results), etc. are accessible  through similar 
search options on GEP.  
 
 
The GLOF report  is be available as a PDF-document to be read and printed. 
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Figure 58: Terrain Motion, “search + zoom to layer” with displayed pop-up window option. 
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5  VALIDATION RESULTS  

5.1  Quality Checking for Services 
 
Quality checking was applied to the different products generated according to the ancillary 
information available. 
 
Generally and for all areas of interest, the EO image quality was high. The low cloud cover that 
occurred could be compensated by redundant images and ancillary data.  
 

5.1.1 SERVICE 1 – LAND USE MAPS 

 
The results of the Land Use Classification were checked by visual image interpretation and 
correction by manual editing. For this purpose additional satellite imagery as well as Google 
Earth Imagery were used. In order to calculate the thematic accuracy of the generated maps, 
randomly distributed points (Figure 59) were set for each area of interest. For each of these 
points, the mapped class was compared to an independent interpretation of other satellite 
images or to the existing  ICIMOD Land Cover 2010 Map at the same location and the result 
evaluated for each set of random points. This lasts in an thematic overall accuracy i.e. for Nepal, 
Lukla region (AOI C) of 88%, which is similar for all other areas of interest. 
 

  
Figure 59 : Distribution of randomly positioned check points for validation of the Land Use / Land 
Cover classification in AOI-C, the Lukla region in Nepal. 
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In the case of Open Street Map data – mostly used to extract traffic networks – the verification 
was completed by visual image inspection as there was no other reliable quality information 
available. 
 

5.1.2 SERVICE 2 – LANDSLIDE HAZARD AND FLOOD HAZARD MAPS 

 
Landslide hazard mapping 
 
The 90% of the instabilities was recognized based exclusively on morphology through 
interpretation of satellite images, stereoscopic optical images, analysis of the DEM and with the 
three-dimensional projection of Google Earth. The determination of displacements from 
differential SAR interferometry was made independently. Combining the displacement rates with 
the landslide inventory map, we observed a correspondence with mapped landslides with the 
faster displacements rates. This indicates a valid cross validation of both landslide mapping and 
InSAR analysis (Figure 60). 
 

 
Figure 60:  Differential SAR interferometry combined with landslide inventory map. 
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Flood hazard mapping 
 
The superimposition of the historical flood extents on the geomorphological maps highlighted as 
the perimeter of inundated/not inundated zones corresponds with the boundary of the mapped 
landforms or with main fluvio-morphological zones, as it is the case for most flood events that 
were limited to the active channel. A very good example is done by the mapping of the Koshi 
river basin outside embankments, where the 3rd level fluvial terrace was systematically outside of 
the perimeter of the zone flooded during the exceptional inundation of August/September 2008. 
This kind of example shows the robustness of the geomorphological approach adopted. It 
highlights also as, within this approach, it is possible to draw a flood hazard map also outside of 
the floodplain stricto sensu (in this case outside of the river embankments).   
 
 

 
Figure 61:  Superimposition of the August/September 2008 flood (light blue) of the Koshi river 
(Nepal) on the geomorphological map. Note as the 3rd lever river terrace (highlighted in red) was 
mainly not inundated outside of the river embankment. 
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5.1.3 SERVICE 3 – DEM GENERATION 

 
For both Lukla and Chomolhari / Paro regions, where high resolution DEMs were generated from 
TanDEM-X data, no DEMs of a higher level of accuracy than the produced ones are available. 
Nevertheless, we could obtain a set of ground control points measured in 2006 by the University 
of Melbourne (C. Fraser) by means of GPS in the southern part of the Paro / Chomolhari region 
in Bhutan which allowed us to punctually compare the height values of our DEM generated from 
TSX data for that area. We found an RMS error of 2.51 m which represents a very good 
accuracy of the DEM. Due to similar characteristics of the topography in the Lukla region in 
Nepal we assume a similar accuracy in that area as well.  
 
Past tests performed with a TanDEM-X DEM of Mount Etna (Italy) produced with the same 
methodology employed for the Lukla and Chomolhari / Paro regions indicated that the difference 
of the elevations provided by TanDEM-X with those measured with GPS over more than 100 
benchmarks are 0.7 m with a standard deviation of 5.2 m (U. Wegmüller, A. Bonforte, E, De 
Beni, F. Guglielmino and T. Strozzi, Morphological changes at Mt. Etna detected by TanDEM-X, 
Geophysical Research Abstracts, Vol. 16, EGU 2014). Without considerations of the two GPS 
stations located in steep areas unfavourable illuminated by the radar, the height mean difference 
and standard deviation are 0.6 m respectively 4.3 m. A correlation analyses of the height 
differences at Mount Etna with respect to topography, latitude and longitude was also performed 
and excluded any elevation-related errors or geometrical ramp distortions. 
 
For a more detailed control of the quality of the generated DEMs covering the Lukla and 
Chomolhari / Paro regions, a comparison to the existing DEM generated from satellite imagery 
would be of interest – for us as well as for the local users. Though we could not obtain the DEM 
we would like to encourage the local users in order to conduct a comparison by themselves. Due 
to its topographic characteristics the area would be well suited to identify strengths and 
weaknesses of both methods, SAR and optical image processing, for DEM generation in 
mountainous terrain. 
 

5.1.4 SERVICE 4 – GLOF 

 
Quality checking of the Assessment report for Glacial Lake Outburst Flood hazard on the 
Chomolhari area, Bhutan (see Appendix 7.3 ) was performed by an expert validation of the 
whole work. Review and validation of the report and the related changes made to the document 
are reported in Chapter 9 of the assessment report. 
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5.2 Initial Validation 
 

5.2.1 SERVICE 1 - LAND USE MAPS 

 
The land use maps were initially validated by means of randomly distributed sets of points that 
were visually inspected based on the class assigned at their position. Using the underlying 
KOMPSAT-2 and RapidEye imagery plus Google Earth or Microsoft Bing Aerial imagery, the 
classification was compared to the result from visual inspection. 
 

5.2.2 SERVICE 2 – LANDSLIDE HAZARD AND FLOOD HAZARD MAPS 

 
For Service 2, considering that both landslide and flood hazard maps were drawn on the basis of 
a geomorphological approach, initial validation is possible only by direct field verifications. For 
landslide hazard mapping, this kind of verifications can not only been optical, but also geodetical 
for improve the landslide state of activity determined by the cross-interpretation of the 
morphological characteristics of the landslide (interpreted on satellite optical images) with the 
displacement rates quantified by satellite SAR interferometry. For flood hazard mapping, a high 
resolution DEM (2 up to 10 m) can validate the water levels corresponding to every class of flood 
susceptibility and thus can improve the flood hazard map. 
 

5.2.3 SERVICE 3 - DIGITAL ELEVATION MODELS 

 
For a more detailed control of the quality of the generated DEMs covering the Lukla and 
Chomolhari / Paro regions, a comparison to the existing DEM generated from satellite imagery 
would be of interest – for us as well as for the local users. Though we could not obtain the DEM 
we would like to encourage the local users in order to conduct a comparison by themselves. Due 
to its topographic characteristics the area would be well suited to identify strengths and 
weaknesses of both methods, SAR and optical image processing, for DEM generation in 
mountainous terrain. 
 

5.2.4 SERVICE 4 – GLOF 

 
Initial validation of the Assessment report for Glacial Lake Outburst Flood hazard on the 
Chomolhari area, Bhutan (see Appendix 7.3 ) was performed by an expert validation of the 
whole work. Review and validation of the report and the related changes made to the document 
are reported in Chapter 9 of the assessment report. 
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6 NON-CONFORMANCE  

 

So far, all offered Services could be fulfilled as expected and the EO derived products were 
identified as suitable and delivered as described.  
 
For the Land Use / Land Cover Maps , size and scales of possibly printable sheets are a critical 
issue. It is not easy to define adequate map scales and practicable map formats.  Two of the 
study areas are that large that preferable scales could not be printed on a single map sheet. So 
we decided to make the maps available digitally to be printed by the users according to there 
needs. In this context “tiling” of the full area coverage was one solution, but nevertheless needed 
additional time-consuming extra efforts. The “tiled” parts of the Land Use Maps of all four areas 
of interest are available now for download together with the according meta data via the ESA 
Geohazards/tep Web-Platform. Potential users can decide on zoom and /or scale level 
themselves. 
 
Regarding Flood Hazard Mapping , indirect mapping and geomorphological interpretation were 
applied due to the fact that no precise DEM (below 1 m of vertical accuracy) exists for the areas 
of interest. This has limited the extent of mapping flood hazard outside of regularly flooded areas. 
From local users we could not gather any information about high accuracy DEMs existing for the 
Koshi River basin nor for the Amo Chhu river basin.  A high precision DEM nevertheless would 
be appreciated as it would allow additionally to consider flood events in the case of dam 
breaching, as it was the case in 2008. To overcome this difficulties we have described  in this 
document a new approach which was investigated: we derived flood hazard maps from 
susceptibility maps (beyond the pilot) together with the use of historical flood maps. Regarding 
historical flood events, satellite data archives were checked and additional data-sets on historical 
flood events were investigated.  
 
For Landslide Hazard Mapping  all results could be fulfilled to the expected extend facing any 
major problem. 
 
DEM Generation : very high resolution DEMs were produced in-house (at GAMMA) from timely 
TanDEM-X acquisitions. The TanDEM-X acquisitions were obtained at scientific conditions from 
the German Aerospace Center DLR and only processing was supported by the project. Because 
of the limited budget available for this service, the external purchase of DEMs (e.g. Pléiades or 
TanDEM-X from Atrium) was not applicable and World 3D Topographic Data was released only 
after project start. 
 
The presented GLOF hazard assessment   was made for the supraglacial lake Wa-007. The 
project team has made this selection, since there was no feedback from local authorities 
concerning the option of a predefined lake of their interest. Our selection was based on the 
location of the lake within the Paro/Chomolhari study area and on scientific literature (see 
Chapter 1.1). Taking all this issue into account we would like to underline that the GLOF study 
can be related to other glacier lakes on the Thangothang Chhu glacier catchment, or on other 
potentially hazardous aspects (such as slope instabilities, glaciers and rock glacier surges, or 
potential ice/rock avalanches), which  were not treated and analyzed explicitly.  
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7 APPENDIXES  

7.1 APPENDIX 1 

7.1.1 SERVICE OPERATION 

 
EO Data Procurement  
 
The following Table 20 contains a summary of the procured EO data. ESA missions are marked 
in red, ESA Third Party Mission data is marked in blue and data from other sources in black: 

 

Sensor Comments Nr. Images  

Service 1 (land use / land cover mapping) / AOI-A (5400 km2 Sunari and Saptari districts, Kosi, 
Nepal) 

VHRO KOMPSAT-2 Partly covered 42 
HRO RapidEye Full Cover, L3A 15 
Microsoft Bing As ancillary information - 
Google Earth As ancillary information - 

Service 1 (land use / land cover mapping) / AOI-B (ca. 2700 km2 in the Amo Chhu River Basin 
in Bhutan) 

VHRO KOMPSAT-2 Partly covered 5 
HRO RapidEye Full Cover, L3A 7 
Microsoft Bing As ancillary information - 
Google Earth As ancillary information - 

Service 2 (landslide hazard mapping) / AOI-C (500 km2 in the Koshi River Basin in Nepal, Lukla 
Region) 

ERS-1/2 SAR Descending 15 
ERS-1/2 SAR Ascending 6 

ENVISAT ASAR Descending 34 
ENVISAT ASAR Ascending 5 
ALOS PALSAR Ascending 17 

HRO Landsat 4,5,7,8 1 scene covers the whole AOI 1 

HRO RapidEye Archive data L3A, Full Cover 2 
VHRO KOMPSAT-2 Full cover 4 

Google Earth As ancillary information - 

Service 2 (landslide hazard mapping) / AOI-D/E (600 km2 in the Paro Chu River Valley in 
Bhutan, Chomolhari/Paro region) 

ERS-1/2 SAR Descending 19 
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ERS-1/2 SAR Ascending 7 

ENVISAT ASAR Descending 38 

ENVISAT ASAR Ascending 10 
ALOS PALSAR Ascending 15 

HRO Landsat 4,5,7,8 1 scene covers the whole AOI 2 

VHRO KOMPSAT-2 Fully Covered 5 
Google Earth As ancillary information - 

Service 3 (Digital Elevation Model) 

SRTM v4 AOI-A and AOI-B - 
GDEM v2 AOI-A and AOI-B - 

TanDEM-X AOI-C and AOI-D ascending 4 

TanDEM-X AOI-C and AOI-D descending 4 

Service 4 (GLOF), AOI-D/E (Chomolhari area) 

ERS-1/2 SAR See Service 2 19 

ERS-1/2 SAR See Service 2 7 

ENVISAT ASAR See Service 2 38 

ENVISAT ASAR See Service 2 10 
ALOS PALSAR See Service 2 15 

TerraSAR-X Ascending 3 

Radarsat-2 Ascending 3 
TanDEM-X See Service 3  

HRO Landsat 4,5,7,8 Historical scenes (Landsat 1998) 2 

VHRO KOMPSAT-2 Full cover 5 
HRO RapidEye Full cover (Archive) 2 
Google Earth As ancillary information - 

Table 20: EO data procurement 
 

Table 21 contains the details on missions, sensors, resolution and temporal coverage used for 
the different services and areas of interest (AOI). The listing is split according to missions used. 

 

 

 

 

 



 
Operational Documentation 

issue 1 revision 0 –22/10/2015 
 

page 98 of 105 
 

 

KOMPSAT-2 Service Type Resolution Temporal 
Coverage 

Spatial Coverage 

 Services 1 and 2 : 
Land Use Mapping, 
Flood Hazard 
Mapping 

Optical Very High 
Resolution imagery 

1 m 2012 / 
2013 

 

ID Sensor Product    

MSC_130227042636_3
5146_07371198_1R 

MSC 1R   AOI-A (Nepal, Koshi 
River Basin) 

MSC_130227042636_3
5146_07371199_1R 

MSC 1R   AOI-A (Nepal, Koshi 
River Basin) 

MSC_130227042636_3
5146_07371200_1R 

MSC 1R   AOI-A (Nepal, Koshi 
River Basin) 

MSC_130227042636_3
5146_07371197_1R 

MSC 1R   AOI-A (Nepal, Koshi 
River Basin) 

MSC_121029042040_3
3378_07361200_1R 

MSC 1R   AOI-A (Nepal, Koshi 
River Basin) 

MSC_121029042040_3
3378_07361198_1R 

MSC 1R   AOI-A (Nepal, Koshi 
River Basin) 

MSC_131115043440_3
8960_07401198_1R 

MSC 1R   AOI-A (Nepal, Koshi 
River Basin) 

MSC_121029042040_3
3378_07361199_1R 

MSC 1R   AOI-A (Nepal, Koshi 
River Basin) 

MSC_131115043440_3
8960_07401199_1R 

MSC 1R   AOI-A (Nepal, Koshi 
River Basin) 

MSC_131115043440_3
8960_07401197_1R 

MSC 1R   AOI-A (Nepal, Koshi 
River Basin) 

MSC_121029042040_3
3378_07361197_1R 

MSC 1R   AOI-A (Nepal, Koshi 
River Basin) 

MSC_130219041559_3
5029_07571204BP00 

MSC 1R   AOI-B (Bhutan, Amo 
Chhu) 

MSC_130309041515_3
5292_07601200BP00 

MSC 1R   AOI-B (Bhutan, Amo 
Chhu) 

MSC_130309041515_3
5292_07601201BP00 

MSC 1R   AOI-B (Bhutan, Amo 
Chhu) 

MSC_130309041515_3
5292_07601202BP00 

MSC 1R   AOI-B (Bhutan, Amo 
Chhu) 

MSC_131107042452_3
8843_07581200BN00 

MSC 1R   AOI-B (Bhutan, Amo 
Chhu) 

MSC_131107042452_3
8843_07581201BN00 

MSC 1R   AOI-B (Bhutan, Amo 
Chhu) 

MSC_131216042915_3
9413_07561204BP02 

MSC 1R   AOI-B (Bhutan, Amo 
Chhu) 

MSC_131107042452_3
8843_07581203BN00 

MSC 1R   AOI-B (Bhutan, Amo 
Chhu) 
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KOMPSAT-2 Service Type Resolution Temporal 
Coverage 

Spatial Coverage 

 Services 1 and 2 : 
Land Use Mapping, 
Flood Hazard 
Mapping 

Optical Very High 
Resolution imagery 

1 m 2012 / 
2013 

 

ID Sensor Product    

MSC_131107042452_3
8843_07581204BN00 

MSC 1R   AOI-B (Bhutan, Amo 
Chhu) 

MSC_131216042915_3
9413_07561201BP02 

MSC 1R   AOI-B (Bhutan, Amo 
Chhu) 

MSC_131216042915_3
9413_07561202BP02 

MSC 1R   AOI-B (Bhutan, Amo 
Chhu) 

MSC_131216042915_3
9413_07561203BP02 

MSC 1R   AOI-B (Bhutan, Amo 
Chhu) 

MSC_100112040246_1
8462_07391206_L1G 

MSC L1G   AOI-C (Nepal, Lukla 
Region) 

MSC_100112040246_1
8462_07391207_L1G 

MSC L1G   AOI-C (Nepal, Lukla 
Region) 

MSC_130127042215_3
4693_07411207_1R 

MSC 1R   AOI-C (Nepal, Lukla 
Region) 

MSC_131115043440_3
8960_07401206_1R 

MSC 1R   AOI-C (Nepal, Lukla 
Region) 

MSC_131115043440_3
8960_07401207_1R 

MSC 1R   AOI-C (Nepal, Lukla 
Region) 

MSC_101127033102_2
3122_07601207_L1R 

MSC 1R   AOI-E (Bhutan, Paro 
/Chomolhari Region) 

MSC_130309041515_3
5292_07601205_L1G 

MSC L1G   AOI-E (Bhutan, Paro 
/Chomolhari Region) 

MSC_130309041515_3
5292_07601206_L1G 

MSC L1G   AOI-E (Bhutan, Paro 
/Chomolhari Region) 

MSC_130309041515_3
5292_07601207_L1G 

MSC L1G   AOI-E (Bhutan, Paro 
/Chomolhari Region) 

MSC_131203042752_3
9223_07601204_L1R 

MSC 1R   AOI-E (Bhutan, Paro 
/Chomolhari Region) 

MSC_081130042311_1
2502_07431197_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_081130042311_1
2502_07431198_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_081130042311_1
2502_07431199_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_081130042311_1
2502_07431200_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_081130042311_1
2502_07431201_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 
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KOMPSAT-2 Service Type Resolution Temporal 
Coverage 

Spatial Coverage 

 Services 1 and 2 : 
Land Use Mapping, 
Flood Hazard 
Mapping 

Optical Very High 
Resolution imagery 

1 m 2012 / 
2013 

 

ID Sensor Product    

MSC_081130042311_1
2502_07431202_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_081223042435_1
2838_07391198_L1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_081228042034_1
2911_07431197_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_081228042034_1
2911_07431198_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_081228042034_1
2911_07431199_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_090409041709_1
4401_07441197_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_090507041355_1
4810_07441201_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_090530041444_1
5146_07431199_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_091225035811_1
8199_07431199_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_091225035811_1
8199_07431200_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_091225035811_1
8199_07431201_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_091225035811_1
8199_07431202_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_100304035845_1
9207_07441198_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_100304035845_1
9207_07441199_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_100304035845_1
9207_07441201_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

MSC_100304035845_1
9207_07441202_1G 

MSC L1G   AOI-A (Nepal, Koshi 
River Basin) 

Table 21: KOMPSAT-2; scene-IDs, resolution and temporal coverage used for the different 
services and areas of interest (AOI). 
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RapidEye Service Type Resolution Temporal 
Coverage 

Spatial Coverage 

 Services 1 and 2 : 
Land Use Mapping, 
Flood Hazard 
Mapping 

Optical High 
Resolution 

   

ID Sensor Product    

15934297 RapidEye L3A   AOI-B (Bhutan, Amo 
Chhu) 

14627264 RapidEye L3A   AOI-B (Bhutan, Amo 
Chhu) 

14627265 RapidEye L3A   AOI-B (Bhutan, Amo 
Chhu) 

14627313 RapidEye L3A   AOI-B (Bhutan, Amo 
Chhu) 

14627263 RapidEye L3A   AOI-B (Bhutan, Amo 
Chhu) 

14627312 RapidEye L3A   AOI-B (Bhutan, Amo 
Chhu) 

16060606 RapidEye L3A   AOI-A (Nepal, Koshi 
River Basin) 

15821060 RapidEye L3A   AOI-A (Nepal, Koshi 
River Basin) 

16031653 RapidEye L3A   AOI-A (Nepal, Koshi 
River Basin) 

15759047 RapidEye L3A   AOI-A (Nepal, Koshi 
River Basin) 

14719040 RapidEye L3A   AOI-A (Nepal, Koshi 
River Basin) 

16060640 RapidEye L3A   AOI-A (Nepal, Koshi 
River Basin) 

14921098 RapidEye L3A   AOI-A (Nepal, Koshi 
River Basin) 

16031692 RapidEye L3A   AOI-A (Nepal, Koshi 
River Basin) 

14719082 RapidEye L3A   AOI-A (Nepal, Koshi 
River Basin) 

11517202 RapidEye L3A   AOI-A (Nepal, Koshi 
River Basin) 

14921076 RapidEye L3A   AOI-A (Nepal, Koshi 
River Basin) 

15338756 RapidEye L3A   AOI-A (Nepal, Koshi 
River Basin) 

16031662 RapidEye L3A   AOI-A (Nepal, Koshi 
River Basin) 

RapidEye Service Type Resolution Temporal Spatial Coverage 
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Coverage 

 Services 1 and 2 : 
Land Use Mapping, 
Flood Hazard 
Mapping 

Optical High 
Resolution 

   

ID Sensor Product    

15219049 RapidEye L3A   AOI-A (Nepal, Koshi 
River Basin) 

15226240 RapidEye L3A   AOI-A (Nepal, Koshi 
River Basin) 

Table 22: RapidEye; scene-IDs, resolution and temporal coverage used for the different services 
and areas of interest (AOI). 

 

Landsat Service Type Resolution Temporal 
Coverage 

Spatial Coverage 

 Service 2 and 4 : 
Flood Hazard 
Mapping; GLOF 

Optical High 
Resolution 

   

ID Sensor Product    

      

Table 23: Landsat; scene-IDs, resolution and temporal coverage used for the different services 
and areas of interest (AOI). 
 
 

ALOS PALSAR Service Type Resolution Temporal 
Coverage 

Spatial Coverage 

 Service 2 and 4 : 
Flood Hazard 
Mapping; GLOF 

    

ID Sensor Product    

      

Table 24: ALOS PALSAR; scene-IDs, resolution and temporal coverage used for the different 
services and areas of interest (AOI). 
 
 

ENVISAT ASAR Service Type Resolution Temporal 
Coverage 

Spatial Coverage 

 Service 2 and 4 : 
Flood Hazard 
Mapping; GLOF 

    

ID Sensor Product    

      

Table 25: ENVISAT ASAR; scene-IDs, resolution and temporal coverage used for the different 
services and areas of interest (AOI). 
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ERS-1/2 SAR Service Type Resolution Temporal 
Coverage 

Spatial Coverage 

 Service 2 and 4 : 
Flood Hazard 
Mapping; GLOF 

    

ID Sensor Product    

      

Table 26: ERS-1/2 SAR; scene-IDs, resolution and temporal coverage used for the different 
services and areas of interest (AOI). 
 
TanDEM-X Service Type Resolution Temporal 

Coverage 
Spatial Coverage 

 Service 3 : 
DEM 

    

ID Sensor Product    

      

Table 27: TanDEM-X; scene-IDs, resolution and temporal coverage used for the different 
services and areas of interest (AOI). 
 
 

Radarsat-2 Service Type Resolution Temporal 
Coverage 

Spatial Coverage 

 Service 4 : 
GLOF 

    

Table 28: Radarsat-2; scene-IDs, resolution and temporal coverage used for the different 
services and areas of interest (AOI). 
 

7.1.2 ANCILLARY DATA PROCUREMENT 

 
The ancillary data used within the frame of this project was collected from different, mostly public 
and private sources. One important source for spatial data was the ICIMOD mountain geoportal, 
from which the Land Cover 2010 dataset was obtained and used as an additional layer for quality 
control. 
 
Another important dataset, partly used for quality control but also integrated in the data 
acquisition process, was the Open Street Map data for Nepal and Bhutan at the state of 
16.12.2014. This dataset was mainly used as an enhancement to satellite imagery for features 
that were not visible from above, e.g. roads inside forests etc., or to extract semantic information 
e.g. in the case of aerodromes or industrial areas. 
 
For means of accuracy evaluation of the DEM we could obtain an additional set of 10 ground 
control points measured in 2006 by the University of Melbourne (C. Fraser) by means of GPS in 
the southern part of the Chomolhari / Paro area in Bhutan that were used to conduct an accuracy 
check for the DEM generated from TSX data for that area. 
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As a supplement, Google Earth and Microsoft Bing image data were applied in order to fill gaps 
of data coverage caused e.g. by clouds or the image acquisition geometry. Furthermore, the 
Glacial Lake Inventory of Bhutan using ALOS (Daichi) Data 
(http://www.eorc.jaxa.jp/ALOS/en/bhutan_gli/index.htm) from JAXA was used.  

7.2 APPENDIX 2 

7.2.1 ACCRONYMS AND ABBREVIATIONS  

 
AOI Area of Interest 
DEM Digital Elevation Model 
DFO Dartmouth Flood Observatory 
EO Earth Observation 
EU European Union 
FP Final Products 
FR Final Report 
GLOF Glacial Lake Outburst Flooding 
GMES Global Monitoring of Environment & Security 
HRO High-resolution 
KO Project kick-off 
MDB Multi-Lateral Development Bank 
MMU Minimum Mapping Unit 
OD Operational Documentation  
PM Progress meeting 
SOW Statement of Work 
SRD Service Readiness Document 
SRR Service Readiness Review 
SUR Service Utility Review 
SUD Service Utility Document 
TTL Task Team Leader 
UTM Universal Transverse Mercator 
VHRO Very high-resolution 
VP Validation Protocol 
WB World Bank 

 
 
 
 
 
 
 
 
 



 
Operational Documentation 

issue 1 revision 0 –22/10/2015 
 

page 105 of 105 
 

 

7.3 APPENDIX 3 

7.3.1 GLOF ASSESSMENT REPORT 

 
Assessment report for Glacial Lake Outburst Flood (GLOF) hazard on the Chomolhari area, 
Bhutan (89°20'59.24"E / 27°48'9.70"N) 


