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By taking the topographic amplifica-
tion value at each landslide source lo-
cation, we can evaluate the effect of 
topography on landslide initiation. Fig 
7a shows landslides in regions experi-
encing topographic amplification and 
Fig 7b shows landslides experiencing 
topographic de-amplification. Land-
slides that are amplified are on aver-
age 40% larger than landslides that 
are de-amplified, showing the control 
topographic amplification has on land-
slide size. We also see that amplified 
landslides are distributed throughout 
the hillslope whereas de-amplified 
landslides are focused at the base of 
the hillslope, where there is potentially 
heightened landslide susceptibility 
(histogram insets).  

The largest landslides typically initiate 
in regions that are amplified at high el-
evations and with steep slopes (Fig 
7c). These landslides are also associ-
ated with glacially sculpted terrain, 
which is characterized by steeper, 
longer hillslopes and can produce 
deeper-seated landslides than more 
highly vegetated slopes at lower ele-
vations4,11. As glaciers continue to thin 
and retreat at increasing rates in the 
Himalaya due to climate change, the 
topography that is left behind is 
primed for increased topographic am-
plification that could produce larger 
and more devastating coseismic land-
slides from future earthquakes. 

When: April 25, 2015
Where: Nepal, ~80km NW of 
the capital city of Kathmandu 
(population ~1mil), 12km-
depth, unzipped the lower por-
tion of the Main Himalaya 
Thrust1 (MHT) (Fig1 A,B)
Magnitude: Mw 7.8
Devastation: Fatalities - 
9,000  Injuries - 23,000, 
Damage – $1 billion USD2

Rupture: ~150km to the east 
of the epicenter, did not break 
the surface
Aftershocks: ~600 events 45 
days after the mainshock, the 
largest a Mw7.2 on May 12, 
20153 
Coseismic Landslides: 
25,000 (black polygons Fig 1), 
database from Roback et al., 
20184, many likely caused by 
topographic amplification (Fig 
2)

Figure 5: PGA and topographic amplification are calculated for a swath of synthetic seismometers filtered to 0.67Hz and with 
1000m spacing. (A) Horizontal PGA of the high resolution topography mesh. (B) Amplification of Horizontal PGA calculated by 
taking the percent difference between simulations with high resolution and smoothed topography. Yellow polygons represent the 
full landslide area from Roback et al., 2018. The black star is the epicenter of the Gorkha earthquake and topography is 500m 
resolution, the same as the high resolution mesh. 
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Coseismic landslides are a major secondary hazard of large earthquakes, particu-
larly in high mountainous regions like the Himalaya. Studying where and why land-
slides initiate during earthquakes is important for both immediate and long term 
hazard mitigation, but can be difficult due to limitations of observational ground 
shaking data. In this study, we focus on the April 2015 Mw7.8 Gorkha earthquake, 
which caused 25,000 landslides in Nepal. Strong ground motion data are not avail-
able in the regions of high density landsliding from this event, making it impossible 
to directly relate ground shaking and landslide distribution. To circumvent this lim-
itation, we model the ground shaking and topographic amplification from the 
Gorkha earthquake to better understand the distribution of coseismic landslides. 

We use the Spectral Element 
Method (SEM)7 implemented in 
SPECFEM3D8 to simulate 
ground motions in both a 500m 
resolution topography mesh 
(Fig 3a) and a smoothed topog-
raphy mesh (Fig 3b), the com-
parison of which gives us a 
value of topographic amplifica-
tion. The meshes are contruct-
ed using the SPECFEM3D in-
ternal mesher with a bulk ele-
ment size of 1km and homoge-
neous elastic parameters, 
giving us a maximum resolved 
frequency of ~1.4Hz.We use 
the kinematic source model 
from Wei et al., 2018 (Fig 4)9. 
We interpolate the subfaults 
from 8 x 8 km to 1 x 1 km to ap-
propriately sample the source 
at the resolution of the mesh.

• The majority of landslides occur to the 
north of the blue dashed line where 
there are smaller peak ground acceler-
ations (PGA) but steeper slopes than 
to the south (Fig 6a).

• Peaks in PGA compare well with peaks 
in landslide denstiy (Fig 6b).

• 3 peaks in landslide density and 
ground motions (Fig 6b) are associat-
ed with different rock types. The 
Lesser Himalaya Sequence (LHS) is 
weaker based on its lithologic compo-
nents compared to the Greater Hima-
laya Sequence (GHS)10. 

• The GHS is stronger and can support 
steeper slopes, resulting in the majori-
ty of larger, bedrock landslides from 
the Gorkha earthquake. 

Figure 7: (a) Landslides in positive regions of amplification. Inset shows histogram of the distribution of posi-
tively amplified landslides with respect to the normalized distance to the closest river (0 is at a river and 1 is 
at a ridge). (b) Landslides in negative regions of amplification. Inset shows histogram of the distribution of 
negatively amplified landslides with respect to the normalized distance to the closest river (0 is at a river and 
1 is at a ridge). Distance to river is normalized by dividing the river distance by the combined ridge and river 
distance (i.e. slope length). White polygons are mapped glaciers since 2008 from the GLIMS database12. (c) 
Scatter plot of elevation vs. slope of landslide sources coloured by amplification and scaled by landslide 
source surface area. Legend for circle size of all plots in c. 

1. Topography, peak ground acceleration, and rock strength all play a role in the large 
scale coseismic landslide distribution.

2.The largest landslides initiated where the highest topographic amplification, highest 
elevations, and steepest slopes converged, typically in glacially sculpted terriain.

3.The source ridge of the largest and most devastating landslide in the Langtang 
Valley is unique within the modeled region having experienced three previously un-
known episodes of strong amplification throughout the rupture due to the orienta-
tion of the ridge with respect to the propagating wavefield.
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Figure 1: (A) Regional tectonic setting showing the location of the Gorkha 
mainshock (red moment tensor, moved to epicenter) and largest aftershock 
(Mw 7.3, blue moment tensor, moved to epicenter). Red and blue dashed 
lines show 2m slip contours of each rupture. Black polygons are locations 
of landslides from Roback et al., 20184. Geologic map from DeCelles et al., 
2020 overlays the topography with units labeled in the legend below5. 
Langtang Valley is highlighted in the black box. Inset shows location of 
mainshock (red star) and aftershock (blue star) in the context of Nepal. Red 
regions are major paleo-ruptures - 1505 ~Mw 8.2-8.9,1934 ~Mw 8.4, 1833 
~Mw 7.8 with an indistinguishable rupture area from the 2015 earthquake6. 
Possible seismic gap is denoted in the black dashed polygon.(B) Cross 
section showing the Main Himalaya Thrust (MHT) and the 2015 epicenter 
at depth (red star) modified from Bilham, 20196. The red dashed line ap-
proximates the location of the rupture along the MHT. The thick dashed line 
represents the updip seismic gap and the thin dashed line represents the 
region of stable sliding along the detachment at depth. MHT – Main Hima-
laya Thrust, MCT – Main Central Thrust, MBT – Main Boundary Thrust, 
MFT – Main Frontal Thrust, RT – Ramgarth Thrust

Figure 4: Slip model from Wei 
et al., 2018 discretized into 1 x 
1 km subfaults and colored by 
slip. Red star denotes the epi-
center of the rupture, black 
arrow showing the direction of 
the rupture to the SE. Black 
square is showing the extent of 
the mesh from Fig 3. Kathman-
du and Gorkha locations are 
labeled. 

Figure 3: (a) Mesh with 500 m topographic resolution, dimensions are 
shown on the edges of the mesh. Inset showing the element sizes 
and the doubling layer. (1) is a 2 km thick layer with 500 m elements, 
(2) is the doubling layer, (3) is the 19 km thick layer with 1000 m ele-
ments. (b) Mesh with 20 km spatially averaged topography (smoothed 
mesh) with the same dimensions as the mesh in (a). Inset shows the 
constant element size of 1000m. (4) is the 21km thick layer with 1000 
m elements. 

Figure 6: (A) Landslide sources colored by horizontal 
PGA and scaled by size with a scale in the upper right 
corner. Geologic map from DeCelles et al., 2020 (leg-
end in Fig 1), blue dashed line represents the transi-
tion from gentle topography to the south and steep to-
pography to the north. (B) Histogram of landslides 
across the densest region of landsliding with respect 
to longitude. Black line shows the average horizontal 
PGA filtered to 0.67 Hz at landslides in 0.02° bins 
across the same swath. Gray line shows the average 
horizontal PGA filtered to 1.3 Hz at landslides in 0.02° 
bins across the same swath. Ground motion values 
on right y-axis. Peaks 1, 2, and 3 refer to peaks in 
landslide frequency and average horizontal PGA col-
ored by most prominent rock unit (Greater Himalaya 
Sequence - Light Gray, Lesser Himalaya Sequence - 
Light Green). MHT – Main Himalaya Thrust, MCT – 
Main Central Thrust, MBT – Main Boundary Thrust, 
MFT – Main Frontal Thrust, RT – Ramgarth Thrust

Figure 8: Episodes 
of the topographic 
amplification of the 
source ridge of the 
Langtang Valley 
landslide (a-c) Snap-
shots of the north 
component of the 
velocity wavefield at 
times where the 
Langtang ridge is 
amplified due to to-
pography, red and 
blue are north (+) 
and south (-) veloci-
ty, respectively, 
colors saturated be-
tween -10cm/s and 
10cm/s. Insets show 
a zoom in of the 
three episodes of 
amplification at the 
Langtang ridge col-
ored by velocity am-
plification, here, the 
difference between 
the topography and 
smoothed simula-
tions. Red and blue 
are positive and neg-
ative amplification, 
respectively, colors 
saturated between 
-3cm/s and 3cm/s. 
The five regions of 
initiation of the land-
slide from Lacroix, 
2016 are shown in 
the inset as black 
polygons. The 
dashed arrows des-
ignate the approxi-
mate direction of 
shear particle motion 
that amplified the 
wavefield during that 
episode. Black de-
nontes polarization 
along the minor 
ridge axis and gray 
denotes polarization 
along the major 
ridge axis.

The Langtang Valley landslide was the largest and most devastating landslide 
caused by the shaking from the Gorkha earthquake. This debris avalanche initiated 
in a glacier positioned at > 7 km elevation, mobilizing ice, snow, and rock that con-
tinued downslope until ~4.5 km elevation where it became airborne and descended 
into the river valley below13,14. The large volume of debris (estimated to have an ac-
cumulated volume of 6.95 x 106  m3)15 and an air blast from the landslide destroyed 
the village in the Langtang Valley below, killing ~350 people14. 

Snapshots of the wavefield and topographic amplification (Fig 8a-c) show that the 
source ridge of the Langtang Valley landslide was amplified 3 different times 
throughout the rupture (Fig 8a-c insets). This is due to the orientation of the ridge 
relative to the propagating wavefield and no other ridge with the high susceptibility 
of this ridge (slope, orientation, hillslope length) experienced multiple episodes of 
amplification. Episodes of amplification show shear motion either polarized perpen-
dicular or parallel to the major ridge axis. The 5 points of initiation mapped by Lac-
roix, 2016 overlap with the episodes of amplification, leading us to conclude that 
the Langtang valley landslide was likely caused by dynamic topographic am-
plification of the source ridge. 

• Wavefield simulations from this study reveal that by taking into account topogra-
phy, rupture properties, and glaciated or deglaciated terrain, we may be able to 
more effectively estimate where the highest concentration of landslides and the 
largest landslides are most likely to occur during an earthquake.

• Our modeling approach may be applied in regions of high seismic potential to 
evaluate the coseismic landslide hazard for potential rupture scenarios.

• We plan to apply this modeling to potential earthquakes in the central Himalayan 
seismic gap (Fig 1) to better understand how topographic amplification, and there-
fore the potential of large landslides, could effect the region during a large, future, 
earthquake. 

• We also plan to investigate the effect of ice cover on topographic amplification 
using simple models as well as large scale examples to understand its role in 
large ground failures.
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Figure 2: Schematic of topographic amplifica-
tion. Ridge is amplified through focusing of 
seismic waves and valley is de-amplified 
through scattering of waves away from the free 
surface.
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