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Abstract 

Nepal is impacted by a range of geological and meteorological hazards and is ranked in the top 10 of countries 

affected by climate change. Landslides pose a particularly significant hazard, with >24,000 landslides triggered 

by the 2015 Gorkha earthquake and hundreds of landslides triggered annually by monsoonal rainfall. These 

events impact various critical infrastructure including transportation routes and hydropower projects. 

This paper presents an evaluation of the resilience of critical infrastructure in Nepal to the impact of earthquake 

and monsoon induced landslides. The research focus is along the Araniko Highway, 80km NE of Kathmandu, 

which is a critical transportation and economic corridor between Nepal and China and the location of existing 

and ongoing hydropower development along the Bhotse Khosi River.  

As well as being critical in terms of its economic importance, the Araniko Highway is pervasively impacted by 

landslides. For example, in 2014, landslides caused significant damage to the road, electricity distribution 

network, and hydropower projects, including the Jure landslide that killed over 156 people and dammed the 

river. In 2015 the Gorkha earthquake tiggered hundreds of landslides, closing the highway for 5 months. In 2016 

a Glacial Lake Outburst Flood (GLOF) permanently closed the highway and caused significant damage to 

hydropower projects. Despite this, there remains only a limited understanding of how geological and 

geomorphological factors influence these hazards, with little attempt made to date to mitigate the impacts of 

these hazards and improve resilience to future events. 

As such, this paper presents field survey and remote sensing observations made along the Araniko Highway 

between 2016 and 2022. These observations are used to perform high-level geo-spatial assessments of specific 

landslides that have impacted critical infrastructure, which are used to evaluate what geological and 

geomorphological factors influenced these events, and how they could be mitigated to improve future 

resilience. 
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1. Introduction 

Nepal is impacted by a range of geological and meteorological hazards and is one of the country’s most 

susceptible to the impact of climate change (Paudel et al., 2003, JICA, 2012). Landslides pose a particularly 

significant hazard, with >24,000 landslides triggered by the 2015 Gorkha earthquake (Zekkos et al 2017, Jones 

et al 2021a) and hundreds of landslides triggered annually by monsoonal rainfall (Jones et al 2021b). An 

Assessment of disasters that impact Nepal indicates that there is an increasing trend of the impact of geological 

and meteorological hazards (Government of Nepal, Ministry of Home Affairs, 2016). These events impact various 

critical infrastructure including transportation routes and hydropower projects and previous assessment of the 

resilience of this critical infrastructure is extremely low (Whitworth et al 2020). 

This paper presents an evaluation of the resilience of critical infrastructure in Nepal to the impact of earthquake 

and monsoon induced landslides, utilising the Ariniko Highway (Figure 1) as a case study. The Ariniko Highway is 

a key economic corridor between Nepal and China, with 90% of the trade between the countries occurring along 

this route. In addition, Billions of dollars’ worth of investment is being invested along the adjacent Bhotse Khosi 

River. However, the river and road system are severely impacted by a range of geological and meteorological 

hazards. In 2014, landslides caused significant damage to the road, electricity distribution network, and 

hydropower projects, including the Jure landslide that killed over 156 people and dammed the river. In 2015 the 

Gorkha earthquake tiggered hundreds of landslides, closing the highway for 5 months. In 2016 a Glacial Lake 
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Outburst Flood (GLOF) (Cook et al 2018) permanently closed the highway and caused significant damage to 

hydropower projects. Despite this, there remains only a limited understanding of how geological and 

geomorphological factors influence these hazards, with little attempt made to date to mitigate the impacts of 

these hazards and improve resilience to future events.  

 

Figure 1: Location Plan of Nepal and the Study Area of the Ariniko Highway. Figure also highlights mapped 

landslide events associated with roads.  
 

This paper presents field survey and remote sensing observations made along the Araniko Highway between 

2016 and 2022. These observations are used to perform high-level geo-spatial assessments of specific landslides 

that have impacted critical infrastructure, which are used to evaluate what geological and geomorphological 

factors influenced these events, and how they could be mitigated to improve future resilience. 

 

2. Methodology  

2.1 Field Mapping 

In the Araniko Region, 177 landslides were mapped within the field during October 2019. These landslides were 

mapped using the following approach. First, the locations of an observed landslide would be recorded using a 

GARMIN 78 series handheld GPS unit. For landslides that were physically accessible (i.e., they intersected a 

trekking path or road) the GPS coordinates were recorded as being ‘on the landslide’. For landslides that were 
being viewed on the opposite side of a valley the coordinates were recorded as being ‘opposite the landslide’ 
and the compass direction between the GPS location and the landslide was recorded. In addition, where 

possible, for each landslide descriptions were taken regarding landslide size, morphological characteristics 

(source/runout/deposition zone location, size, and shape), level of vegetation, bedrock and soil types, and 

general surrounding landscape geomorphology (e.g., whether there were rivers, terraces, relict channels, the 

state of the terrain etc.).  

Of the 177 landslides mapped in the field, 161 (91%) were assessed as likely being coseismic rockfalls and debris 

flows triggered by the 2015 Gorkha earthquake, and the remaining 16 (9%) as being monsoon-triggered 

slumps/slides and relict alluvial fans. Distinguishing between coseismic and monsoon-triggered landslides was 

predominantly based on whether or not a landslide initiated at the hillslope toe or ridge, under the assumption 

that coseismic landslides occur at ridgelines, and rainfall-triggered nearer the slope toe (Densmore & Hovius 
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2000). Where possible, local knowledge was also obtained on specific landslides by speaking with members of 

nearby populations to ascertain whether they could provide further insight into when and how a given landslide 

occurred.  

Figure 2 is a photomontage illustrating a range of both earthquake and monsoon trigger landslides and their 

impact. 

 

Figure 2: Photo montage of the impact of both earthquake and monsoon landslides to critical infrastructure 

along the Ariniko highway.  
 

2.1 Remote Sensing 

Once mapping had been completed in the field, the identified landslides were corroborated using 0.5m spatial 

resolution Google Earth Pro/CNES/Airbus imagery from 2018 - 2020. This was done because field mapping has 

inherent sampling bias introduced by the fact that the topography results in only being able to map landslides 

that are visible from the ground. The field observations and remote imagery were then used in tandem to 

delineate final polygons of each mapped landslide. The available satellite imagery was also used to remotely 

map landslides that were unreachable in the field, to ensure that the landslide inventory for the region was 
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sufficiently complete. As such, the final inventory should be considered a combined field-remote sensing 

inventory. The remote imagery added a further 304 assumed coseismic landslides to the inventory.  

To assess how road building affects gravity driven landslide/mass-wasting processes through time, 15-30m 

spatial resolution Landsat 4/5/8 imagery was obtained between 1988 and 2018 in the mapping region shown 

in Figure 3. For each year, imagery was obtained before and after each monsoon season, i.e., obtained for the 

period October – March. The imagery was then processed to in ArcGIS pro to a false colour RGB image that 

highlights the reflectivity of bare earth relative to vegetation using the near infrared band. The imagery was 

then compared before and after each year’s monsoon season to visually identify landslides or general mass-

wasting occurrences that had occurred simultaneously with the construction of a new road (e.g., Figure 3).   

 

Figure 3: Example panels showing landslide/mass-wasting that had occurred beneath a new road in imagery 

from false RGB Landsat imagery from 2018. 

  

  



5 

 

3. Results and Discussion  

The final inventory showing both the field and remote sensing mapped landslides is shown in Figure 4 alongside 

the main towns, transportation routes and hydro-dam infrastructure in the region. With almost 500 mapped 

landslides identified in total. From Figure 2 and Figure 4 it can be seen that these landslides have a significant 

impact on not only residential developments, but also on critical infrastructure including the main transportation 

route between Nepal and China, the Ariniko highway and existing hydro-power developments. 

Initial field observations were undertaken in 2019, with subsequent field visits undertaken in 2022 to evaluate 

the resilience and recovery of the infrastructure to these landslide events. The subsequent field visits identified 

that the landscape appeared to be recovering from the earthquake induced landslides, with little evidence of 

continued reactivation, confirming the findings of Jones et al 2021b. However, there was continued rainfall 

induced landslides events and although the border and highway had reopened to a low volume of traffic and 

along the corridor there appeared an increase in economic activity, the critical infrastructure continues to be 

impacted by landslides, with previous mitigation measures, having minimal impact (Figure 5). 

 

Figure 4: Map showing the location of monsoon and earthquake inducted landslides identified from field 

reconnaissance and remote sensing in relation to critical infrastructure  
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Figure 5: Left – photo of remediation/mitigation works of major landslide along the Ariniko highway in 2019. 

Right – similar viewpoint of same landslide taken in 2022 showing reactivation of landslide and ongoing 

landslide activity. 

Through site reconnaissance it was identified that human influence was also a contributing factor to landslide 

occurrence, through a variety of factors including oversteepening of slopes and side tipping. Froude and Petley 

et al 2018 investigated global landslide occurrence from 2004 and 2016 and identified that landslide occurrence 

triggered by human activity is increasing. To investigate anthropogenic influence on landslides an assessment of 

landslides influenced by road building activities was undertaken within GIS for the whole of Nepal. These road-

related mass-wasting features were delineated as polygons for each year. The total area of these polygons was 

then summed using ArcGIS spatial analyst tools and plotted through time to provide a preliminary assessment 

of how road-associated mass-wasting was changing through time (Figure 5). This shows a general increasing 

trend in road-associated mass-wasting, with a near-exponential increases since 2015. 

 

 

Figure 5: Remote Sensing analysis of the anthropogenic influence on landslide occurrence through time within 

Nepal. 

 

4. Conclusions  

Based on field reconnaissance undertaken between the period 2017 and 2022, it has been identified that Nepal 

is significantly impacted by monsoon and earthquake induced landslides. Using a case study of the Ariniko 

Highway and the adjacent Bhotse Khosi river catchment, as well as the loss of life, critical infrastructure such as 
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transport and hydropower developments and severely impacted by a range of geological and meteorological 

hazards including landslides. Both monsoon and earthquake induced landslides have impacted residential 

developments, transport infrastructure as well as remote trails, impacted hydropower development and the 

electricity transmission network. These events have had a significant impact on the economic development of 

both the region and Nepal including the closure of the main China – Nepal Land boarder. 

Through field observations, limited mitigation to geological and meteorological hazards appears to have been 

considered, with little to no change in the resilience of the critical infrastructure to geological and meteorological 

hazards. Furthermore, an assessment of mass wasting due to road building indicates that the anthropogenic 

influence on landslide development has increased significantly over the last 30 years contributing to the impact 

of landslides on critical infrastructure.   

To improve resilience to meteorological and geological hazards, detailed assessments need to be undertaken to 

mitigate the impact of earthquake and monsoon landslides on critical infrastructure within Nepal, including the 

impact of climate Change. Further work is required to understand the anthropogenic influence on landslide 

occurrence and potential impact 
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