
1. Introduction
Landslides caused by seismic shaking are a major secondary hazard of large earthquakes (Keefer,  2002; 
Petley, 2012). In general, topography plays an important role in triggering coseismic landslides by setting the 
first-order susceptibility of the slope to failure and amplifying/de-amplifying the seismic wavefield produced by 
local earthquakes. Ridges, in particular, tend to focus seismic energy through the interactions of scattered waves, 
a phenomenon known as topographic amplification (Asimaki & Mohammadi, 2018; Hartzell et al., 2017; Lee 
et  al.,  2009; Maufroy et  al.,  2015). Previous studies have investigated the distribution of earthquake-induced 
landslides, either coseismic or post-seismic landslides, with respect to ridge tops with various lithologies and rock 
strengths (Rault et al., 2019), as well as general relationships between the shapes of ridges and seismic amplifi-
cation (Rault et al., 2020). However, the lack of dense instrumentation in regions of rugged topography, such as 
the Himalaya, has hindered progress in understanding the relationships between the characteristics of coseismic 
landslides and the seismic wavefields from the large earthquakes that promoted these landslides.

The 25 April 2015 Mw 7.8 Gorkha, Nepal earthquake occurred ∼80 km NW of Kathmandu and ruptured primar-
ily along a gently dipping detachment portion of the Main Himalaya Thrust (MHT) (Figures 1a and 1c) (Hubbard 
et al., 2016). Source imaging and slip modeling of this event show a unilateral rupture propagating ∼150 km to 
the E/SE of the mainshock epicenter within the lower locked portion of the MHT, with highest slip occurring in 
the center of the rupture just north of Nepal's capital, Kathmandu (Avouac et al., 2015; Fan & Shearer, 2015; Wei 
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et al., 2018) (slip model in Figure S1 in Supporting Information S1). The most comprehensive landslide catalog 
from this event (Roback et al., 2018), used in this study, includes ∼25,000 landslides characterized by source 
location, size, and extent of landslide runout. Strong ground motion data are not available in the regions of high 
density landsliding from this event, making it impossible to directly relate ground shaking and landslide distribu-
tion. In lieu of this direct comparison, we use the Spectral Element Method (SEM) (Patera, 1984), implemented 
in SPECFEM3D (Komatitsch & Tromp, 2002a, 2002b), to model the low-frequency wavefield from the Gorkha 
earthquake using a kinematic source (Figure S1 in Supporting Information S1) in an unstructured hexahedral 

Figure 1.
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mesh with 500 m resolution topography (Figure S2 in Supporting Information S1) to better understand the rela-
tionships between landslide distribution and ground shaking.

We are limited to rather coarse topography and low frequency (<0.5 Hz) waveforms due to the large size and 
extent of our modeled region as well as the low frequency content of the modeled seismic source. While higher 
seismic frequencies are relevant for understanding landslide initiation, particularly for smaller landslides, this 
low-frequency waveform modeling captures first-order patterns and regional scale topographic amplifications. 
However, additional higher frequencies would likely modify local amplifications and ground motions for a 
number of individual landslides, potentially diverging from some of the statistical results. This calls for future, 
smaller scale, higher frequency studies to increase the understanding of landslide initiation at the local hillslope 
scale.

2. Data and Methods
2.1. Full Waveform Modeling

To calculate the seismic wavefield from the Gorkha earthquake, we use the software package SPECFEM3D 
(Komatitsch & Tromp, 2002a, 2002b), which implements the SEM) (Patera, 1984). The SEM uses high-order 
polynomials to solve the weak form of the wave equation, allowing for the natural incorporation of surface topog-
raphy and making this an ideal method for investigating the interaction between ground shaking, topography, 
and landsliding. We represent the rupture as a kinematic source from Wei et al. (2018) that is resolved to 0.5 Hz 
(Figure S1 in Supporting Information S1). Using this source, we calculate PGV and velocity through time at the 
free surface in two numerically stable meshes with a 1D velocity model (Table S1 in Supporting Information S1). 
One mesh has higher resolution (500 m) topography and one has topography that has been smoothed using a 
moving average with a radius of 20 km (Figure S2 in Supporting Information S1). Both meshes can resolve 
the seismic wavefield at frequencies up to 1.25 Hz. A comparison between simulations using these two meshes 
allows us to isolate the effects of topography as a factor of topographic amplification, which is simply the percent 
difference between the “topography” and “smoothed” peak ground shaking values. See in Supporting Informa-
tion S1 for further modeling details, including specifics of the mesh and kinematic source (Text S1, Figures S1 
and S2 in Supporting Information S1), and validation using high-rate GPS data recorded near the rupture plane 
during the Gorkha earthquake (Text S2 and Figure S3 in Supporting Information S1). Synthetic waveforms fit 
the first-order features of the observed data well, although they underestimate peak amplitudes, particularly at 
high frequencies, indicating our low-frequency modeling is likely underestimating the absolute ground shaking 
from the earthquake. Several ground motion metrics have been proposed for making comparisons with landslide 
initiation, including PGA (peak ground acceleration), PGV, duration, and cumulative variables such as Arias 
Intensity (Jibson et al., 2000; Jibson & Tanyaş, 2020; Nowicki Jessee et al., 2018). For this study, we focus on 
Horizontal PGV (Figures 1a and S4 in Supporting Information S1), as well as the time evolution of velocity at the 
free surface (Figure S5 in Supporting Information S1 and Movie S1), because of the low frequencies (<0.5 Hz) 
that are resolved by our seismic source, the low frequency content of our simulations (<1.25 Hz), and our ability 
to validate velocity waveforms. We include a metric of cumulative velocity in the supplement (Text S1 and Figure 

Figure 1. Tectonic setting of 2015 Gorkha earthquake and coseismic landslides (a) Regional tectonic setting showing the epicenters of the Gorkha mainshock 
and largest aftershock, red and blue stars, respectively, with red and blue dashed lines showing 2 m slip contours of each rupture (Wei et al., 2018). Red moment 
tensor shows the GCMT solution for the mainshock. Circles are landslide source areas from Roback et al. (2018), colored by horizontal peak ground velocity (PGV) 
calculated in this study and scaled by size, defined in legend. Horizontal PGV shakemap from this study in background with same color scale as landslides, black box 
defines mesh boundaries. Geologic map from DeCelles et al. (2020) overlays the topography, units labeled in the legend. Tethyan Himalayan Sequence (THS), Greater 
Himalayan Sequence (GHS), Lesser Himalayan Sequence (LHS), and Lesser Himalayan Gondwana Sequence labeled on map. Langtang Valley is highlighted in the 
black box. White line denotes the transition from gentle topography to the south and steep topography to the north. (b) 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 earthquake (Bilham, 2019). Possible seismic gap is denoted in the black dashed polygon. (c) Averages of horizontal PGV, landslide area density, and 
landslide frequency in 4 km bins across the densest region of landsliding (between the epicenters of the mainshock and aftershock) with respect to lateral distance from 
the epicenter. Peaks 1, 2, and 3 refer to peaks in landslide area density/frequency and average horizontal PGV colored by most prominent rock unit (GHS - Light Gray, 
LHS - Light Green). (d) Schematic cross section showing the Main Himalaya Thrust (MHT) and the 2015 epicenter at depth (red star) modified from Bilham (2019). 
Location of cross section on map denoted with A and A’. Red dashed line approximates the location of the rupture along the MHT. Hatched and thin dashed lines 
represent the updip seismic gap and region of stable sliding along the detachment at depth, respectively. MHT – Main Himalaya Thrust, MCT – Main Central Thrust, 
MBT – Main Boundary Thrust, MFT – Main Frontal Thrust, RT – Ramgarh Thrust.
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S6 in Supporting Information S1) that accounts for both absolute amplitude and duration. The resulting pattern is 
very similar to PGV and therefore we do not include the result in the main text.

2.2. Landslide Catalog Processing

Using the Roback et al., 2018 landslide catalog, we determine ground motion, topographic, land use, lithologic, 
and hillslope position parameters at the locations of the landslide sources, denoted separately from the full land-
slide area in this catalog. For an expanded discussion of the landslide catalog and explanations for processing 
choices, see Text S3 in Supporting Information S1. The maximum value of ground shaking parameters (PGV 
and topographic amplification) from the wavefield simulations and topographic parameters (slope and elevation) 
from a 30 m SRTM DEM (Farr et al., 2007) within each landslide source area are used for this analysis. In addi-
tion, using the 10 m 2020 Esri Global Landcover Database (Karra et al., 2021), we denote if a landslide source 
is predominantly within a region defined as bare ground or snow and ice to determine if the source area was 
potentially affected by initiation in glacial terrain, a parameter that has been seen to cause increased amplification 
of seismic waves (McColl et al., 2012). Lithology plays an important role in landslide initiation; therefore, we 
also determine if the landslide source is located within either of the two dominant lithologies in this region, the 
GHS, a set of strong lithologies dominated by high-grade metamorphic gneisses, or the LHS, a weaker lithology 
dominated primarily by fine-grained sedimentary and low-grade metasedimentary rocks, using the geologic map 
from DeCelles et al. (2020).

To understand the distribution of landslides along the hillslope, we calculate the normalized distance to rivers 
(|dst|) using equation:

|𝑑𝑑st | =
𝑑𝑑st

𝑑𝑑st + 𝑑𝑑tp
 (1)

Here dst is the minimum distance to the river and dtp is the minimum distance to the ridge (i.e., the distance 
from bottom or top most location on the landslide source polygon, respectively). This relationship yields values 
between 0 and 1, where 0 is at the river and 1 is at a ridge (Meunier et al., 2008; Rault et al., 2019). Full method-
ology for how rivers and ridges are defined and location validation, based on the methods of Rault et al., 2019, 
can be found in Text S4 in Supporting Information S1.

We quantify the relationships between ground motion, topographic parameters, and landslide characteristics 
by calculating frequency-area distributions (FAD) and slope distributions for subsets of the landslide database. 
FADs have a distinct power-law behavior, so we can calculate a power-law exponent, α, using the methodology 
outlined in Clauset et al. (2009) to determine the size-frequency distributions for each subset of the landslide 
database (Text S5 in Supporting Information S1 for further details) (Figures 2a–2d). Smaller values of α (less 
negative) and larger values of α (more negative) describe distributions with higher or lower frequency of large 
landslides, respectively. To demonstrate the distribution of slopes for different subsets of topography and land-
slides, we calculate the probability distribution function (PDF) of slopes of the topography (PT) and landslides 
(PL) within each dominant geologic unit and within positively and negatively amplified regions (Figure 2e). The 
slope for each landslide is defined by the maximum slope within each landslide source area from 30 m DEM. 
By taking the probability ratio of slope distributions of landslides and topography (PL/PT) we can quantify how 
landslides are sampling the slopes with respect to the topographic distribution (Figure 2f). We plot this ratio with 
respect to the slope minus the topography mode (S‒SM) to compare different topographic distributions. This 
probability ratio shows us whether the distribution within each bin contains slopes for landslides that are more 
(PL/PT > 1, oversampling) or less frequent (PL/PT < 1, undersampling) than the slopes of the topography as a 
whole. The details of this method and statistical analysis of distributions are outlined in Text S6 in Supporting 
Information S1 and Marc et al. (2018).
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3. Results and Discussion
3.1. Controls on Landslide Distribution

The source locations of landslides that followed the 2015 Gorkha earthquake are generally north of the regions 
with the highest PGV (Figure 1a). This is likely because the highest PGVs from this earthquake were located in 
the northern part of the Lesser Himalayan physiographic region, where there is comparatively gentle topography 
that is only capable of producing relatively few and generally smaller landslides (Figure 1a, south of white line) 
(Frattini & Crosta, 2013; Gallen et al., 2015). North of this transition, topographic relief, slopes, and hillslope 
lengths increase, due to a ramp on the underlying MHT (Figure 1d), therefore, the terrain becomes more suscep-
tible to landslides, allowing for the triggering of these events even in the presence of relatively smaller ground 
motions compared to ground shaking south of the white line (Figures 1a and 1c). This shows that within the 
region affected by strong ground motions, topography has a first-order control on where landslides are triggered.

In addition to this first-order control of topography, slight differences in ground shaking combined with changes 
in lithology along the length of the rupture likely cause significant variations in landslide triggering. Peaks 
in landslide frequency and area density are accompanied by a dominant lithologic unit, either LHS or GHS 
(Figure 1c). The western and eastern peaks (Figure 1c, peaks 1 and 3) in the landslide distribution mostly occur 
within rocks of the LHS, whereas the central peak (Figure 1c, peak 2) occurs mostly within rocks of the GHS. 

Figure 2. Landslide frequency-area distributions (FAD) and slope distribution. (a–d) FAD for subsets of the landslide source areas in the Roback et al., 2018 
database, N is the number of landslides used in the calculation of each subset: (a) Positively amplified (N = 9,215) versus negatively amplified landslides (N = 10,258) 
(b) Steep (>40°, N = 11,795) versus gentle (<40°, N = 11,538) slopes (c) Greater Himalaya Sequence (GHS) (N = 9,785) versus Lesser Himalaya Sequence (LHS) 
(N = 13,058) (d) high (>3,500 m, N = 1208) versus low (<3,500 m, N = 22,125) elevation. See text for definition of α. (e) Probability density function (PDF) of 
slopes for topography (PT, solid line) and landslide sources (PL, dashed line) for subsets of the landslides including positively and negatively amplified landslides and 
landslides in GHS and LHS rock units. (f) Probability ratio (PT/PL) for each landslide subset. Circles show values that are within 95% confidence interval and crosses 
indicate bins that do not have sufficient samples to evaluate (Text S6 in Supporting Information S1 for criteria).
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Given that ground shaking parameters have the largest values within the longitude range of the GHS (Figure 1c), 
it may be expected that the frequency of triggered landslides would be highest in this region. The fact that this is 
not observed may be related to the higher rock strengths and decreased erodibility of the high-grade metamorphic 
gneisses of the GHS compared to the fine-grained sedimentary and low-grade metasedimentary rocks of the LHS 
(Cannon et al., 2018). The LHS is dominated by thick phyllite and carbonate units (Kuncha and Galyang Forma-
tions and the Lakarpata Group), whereas the GHS is composed of granitic orthogneiss, paragneiss, migmatite, 
calc-schist and leucogranite, which contribute to the generally greater mechanical strength of the GHS (Cannon 
et al., 2018).

Topographic amplification at each landslide location provides additional insight into the characteristics of the 
landslides that were triggered by this event. Horizontal PGV amplification does not appear to have a control on 
the overall frequency of landsliding at the modeled frequencies, with both a similar slope distribution and number 
of landslides in both amplified and de-amplified areas. By calculating the relative distance of the landslides along 
the hillslope, we can better understand the mechanisms of failure and their relationships to topographic amplifi-
cation. Landslides that are negatively amplified are on average located at the base of hillslopes near rivers. These 
comparatively weak PGVs can trigger landslides because of high landslide susceptibility within river valleys due 
to river incision, steep slopes, the effects of groundwater on rock strength, and the common occurences of uncon-
solidated sediments (Rault et al., 2019; Tseng et al., 2018), (Figure 3b, inset). Of the landslides that are positively 
amplified, a uniform distribution is observed along the hillslope, primarily on the ridge side facing away from 
the epicenter of the earthquake, rather than at ridge tops as we might expect from a vertically incident wavefield 
(Figure 3a, inset). This indicates that a large fraction of these landslides were likely related to the directivity of 
the rupture, which caused amplification of hillslopes facing away from the incident wavefield. This is a common 
phenomenon when the wavefield is propagating obliquely to the hillslope, rather than vertically upward beneath 
the ridge (Maufroy et al., 2015; McColl et al., 2012; Meunier et al., 2008) (Figure S4 in Supporting Informa-
tion S1). Positively and negatively amplified landslides have very similar slope distributions, showing that neither 
is preferentially occurring on steeper slopes (Figure 2e).

3.2. Controls on Landslide Size

Rock strength plays an important role in landslide size, with generally larger landslides initiating in stronger rock 
and smaller landslides only initiating in stronger rock when slopes are steep (Frattini & Crosta, 2013). The GHS, 
as described above, has a stronger lithology, allowing hillslopes in the GHS to support steeper slopes before 
failure occurs. This general idea is supported by slope distributions (Figure 2e) and probability ratios (Figure 2f), 
where GHS has a considerably larger slope mode compared to the LHS (Frattini & Crosta,  2013; Valagussa 
et al., 2019). From FADs, we can conclude that both GHS rocks and steeper slopes have increased the frequency 
of larger landslides (Figures 2b and 2c), resulting in the majority of larger, deeper-seated landslides from the 
Gorkha earthquake. This is also seen as an increase of the landslide area density curve in the GHS compared to 
landslide frequency, meaning there are larger landslides to accommodate for the decreased landslide frequency 
in peak 2 of Figure 1c. The occurrence of these larger landslides within the stronger GHS is likely a direct result 
of the stronger ground shaking in this region associated with the source slip distribution (Figure 1c). This higher 
amplitude shaking that is low frequency/long wavelength in character can be expected to generate ground motions 
to deeper depths, corresponding to the failure of deep, large landslides (Bourdeau et al., 2004). Further, calcu-
lated probability ratios (PL/PT) for LHS and GHS show that landslides in the GHS oversample the slopes of the 
topography at higher magnitudes than landslides in the LHS (Figure 2f). This continues to support our claim that 
the topography and landslides in the stronger rocks and steeper slopes of the GHS, along with high PGV values, 
contribute to the overall distribution of landslide sizes, which has also been shown for other earthquakes (Vala-
gussa et al., 2019). Therefore, ground shaking, in combination with slope and lithology, has a large-scale control 
on landslide size, with the larger ground shaking values in regions of stronger rock and steeper slopes increasing 
the frequency of large landslides.

Although topographic amplification does not show a strong control on overall landslide frequency, by compar-
ing positively and negatively amplified landslide FADs (Figure 2a), we show that the distribution of positively 
amplified landslides has a higher frequency of large landslides. The mechanism for this relationship between 
increased landslide size and amplification is likely modulated by the topography that is being amplified. The 
largest landslides occur preferentially in positively amplified areas but also the steepest and highest hillslopes 
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(Figure 3c). By plotting FADs of low slopes and low elevations compared to higher slopes and higher elevations, 
we show that higher slopes and higher elevations have a smaller value of α, therefore a higher frequency of larger 
landslides (Figure 3c). When we add in positive amplification, the value of α decreases again, that is, increased 
frequency of large landslides, showing that although slopes and elevations are primary controls on landslide size, 
topographic amplification also appears to be a secondary control (Figure 3c). Many of these landslides are also 
associated with glacially sculpted terrain (diamonds in Figures 3a and 3b), which is characterized by steeper, 
longer hillslopes and can produce deeper-seated landslides than more highly vegetated slopes at lower elevations 
(McColl et al., 2012; Roback et al., 2018). These ridges are long wavelength topographic features that resonate 
at lower frequencies, amplifying wavefields that interact with rocks deeper in the subsurface. This combination 
of resonance and deeper disturbances caused by low frequency seismic waves could be one reason why we see 
these larger landslides at not only high elevations and steep slopes, but also in regions that are topographically 
amplified (Bourdeau et al., 2004; Kramer, 1996).

Our conclusion that amplification causes larger landslides, particularly at high elevations, should be taken as a 
hypothesis to be further confirmed rather than a strongly supported result due to both a mapping and a modeling 
bias. At high elevations, there is a significant mapping bias toward large landslides, with snow and ice making 
it difficult to discern small landslide features. The low frequency content of our simulations also presents a 

Figure 3. Topographic amplification compared to landslide source size, elevation, and slope (a) Positively amplified landslides (b) negatively amplified landslides. 
Insets shows histogram of the distribution of positively/negatively amplified landslides with respect to the normalized distance to the closest river (0 is at a river and 1 is 
at a ridge). Light blue polygons are mapped glaciers since 2008 from the GLIMS database (Raup et al., 2007). Diamonds denote landslides in either a region dominated 
by bare ground or snow and ice. (c) Frequency-area distributions of landslide source areas with gentle slopes and low elevations (yellow, N = 10,253), high slopes and 
high elevations (blue, N = 2148), and high slopes, high elevations, and positive amplification (N = 1042). N is the number of landslides used to calculate each subset. 
(d) Scatter plot of elevation versus slope of landslide sources colored by amplification and scaled by landslide source surface area. Legend for symbol size of all plots in 
panel (c).
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bias, with larger wavelength topography likely having a stronger amplification signal due to the lower resonant 
frequencies of these features. These larger ridges also have the potential to host larger landslides. Although these 
results include biases, we provide a hypothesis and motivation to conduct future targeted coseismic landslide 
mapping efforts and higher frequency modeling studies.

3.3. Langtang Valley Landslide

The largest and most devastating landslide from the 2015 Gorkha earthquake occurred in the Langtang Valley 
shortly after the initial ground shaking (Figure 1a) (Collins & Jibson, 2015; Fujita et al., 2017; Kargel et al., 2016). 
The large volume of debris (∼6.95 × 10 6 m 3; Lacroix, 2016) and an air blast from the landslide destroyed the 
village in the Langtang Valley below, killing ∼350 people (Kargel et al., 2016). Lacroix (2016) suggested that 
this devastating event was caused by topographic amplification of the seismic wavefield and the simulations from 
the current study provide insight into this dynamic process. By integrating velocity amplification through time to 
show cumulative amplification throughout the rupture, we observe that the source ridge of the Langtang Valley is 
the most dynamically amplified ridge in the region, other than relatively smaller ridges with gentle slopes to the 
south (Figure 4d). It is apparent from snapshots of the seismic wavefield and topographic amplification (Figure 4, 
Movie S1 and S2, Figure S5 in Supporting Information S1) that the ridge experienced multiple amplification 
episodes throughout the rupture due to the orientation and curvature of this ridge relative to the wavefield. Three 
major amplification episodes of the ridge occur within the span of ∼13 s starting as the initial wavefront passes 
over the ridge (Figure 4a, episode 1). The wavefront is parallel to the minor ridge axis (Figure 4a, solid arrow) 
and amplifies the ridge at the kink where it transitions from striking NE to E. After 10 s, a NW propagating wave-
front from the E/SE propagating rupture aligns with the major ridge axis (Figure 4b, episode 2, dashed arrow), 
causing a second episode of amplification. Three seconds following this amplification, a second NW propagating 
diffuse wavefront amplifies the ridge a third time, again in the orientation of the major ridge axis (Figure 4c, 
episode 3, dashed arrow). No other ridge in the region experienced more amplification throughout the rupture 
(Figure 4d), likely due to the orientation of the ridge relative to the wavefield. This orientation perpendicular to 
the rupture direction, with a curve to the NE, made the ridge susceptible to multiple amplification events as the 
dominant initial wavefront is aligned and amplifies the ridge along the minor axis (episode 1) and as the rupture 
continues to propagate, diffuse waves traveling in the opposite direction of the rupture amplify the ridge along 
the major axis (episode 2 and 3). The three major episodes of amplification overlap with the five source locations 
of the Langtang Valley landslide (Lacroix, 2016), suggesting that these episodes of amplification, along with 
the cumulative amplification throughout the rupture, likely promoted the failure of this incredibly devastating 
mass-wasting event.

3.4. Implications for Future Hazard

As discussed previously, the largest landslides from the Gorkha earthquake occurred at the convergence of steep 
slopes, high elevations, and positive topographic amplification, typically found in glacially sculpted terrain. This 
finding has implications for hazards in high mountain regions as climate change continues to cause glaciers to 
decrease in volume (Maurer et al., 2019; Rounce et al., 2020). Deglaciation can remove the buttressing effect 
of ice and create gravitationally unstable glacial deposits and cliff faces (e.g., McColl et al., 2012; Richardson 
& Reynolds, 2000). Ice cover can also act as a buffer to seismic energy and thus can decrease the intensity of 
surface/near-surface ground shaking (McColl et  al.,  2012), an effect that wanes with continued deglaciation. 
Deglaciated topography is also particularly steep, leading to a higher probability of topographic amplification 
during an earthquake (McColl et al., 2012). Combined, these effects suggest that as these glaciers thin and retreat 
due to climate change, stronger ground shaking of unstable terrain that can produce larger and more devastating 
coseismic landslides should be expected from future earthquakes.

Similar to the most recent large seismic events in this region, the 1833 Gorkha earthquake did not rupture to the  
surface, leaving an up-dip seismic gap (unrelieved stress) that is yet to be filled (Bilham, 2019) (Figures 1b 
and 1c). Another major Himalayan seismic gap exists west of the Gorkha earthquake rupture, denoted the “central 
seismic gap”, where a major earthquake occurred in 1505 (M ∼ 8.2–8.9) from Pokhara westward into the Indian 
state of Uttarakhand (Bilham, 2019) (Figure 1b). These seismic gaps are where future high-magnitude earth-



Geophysical Research Letters

DUNHAM ET AL.

10.1029/2022GL098582

9 of 12

quakes in the range of Mw 7.5–8.0 are likely anytime in the remaining 21st or 22nd centuries. Probabilistic mode-
ling of potential ground shaking and topographic amplification from future earthquakes, similar to the approach 
taken in this study, may provide important insights into future coseismic landslide hazards in these regions of 
high seismic potential, particularly in regions experiencing deglaciation.

4. Conclusions
This study has investigated the relationship between the characteristics of coseismic landslides and ground 
shaking from the 2015 Gorkha earthquake. Low-frequency seismic wavefield simulations reveal that PGV, rock 
strength, and slope are important for the large-scale distribution of landslides. These factors, along with topo-
graphic amplification and high elevations, contribute to higher frequencies of large landslides. In particular, we 
find that the largest landslides occur where there is high topographic amplification, steep slopes, and high eleva-
tions, typified by glacially sculpted terrain. We also observe that dynamic amplification of the Langtang Valley 

Figure 4. Wavefield and topographic amplification of the source ridge of the Langtang Valley landslide. (a–c) Snapshots of the wavefield at times where the 
Langtang ridge is amplified due to topography, orange and dark blue are north (+) and south (−) velocity, respectively. Insets show three episodes of amplification at 
the Langtang ridge colored by velocity amplification, here, the difference between the topography and smoothed simulations. Red and blue are positive and negative 
amplification, respectively. Landslide outline from Lacroix, 2016 is shown in the inset as black polygons. Arrows designate the direction along the wavefronts that 
caused ridge amplification and are perpendicular to the wavefront propagation direction. Solid and dashed arrows designate wavefronts parallel to the minor and 
major ridge axes, respectively. (d) Time integrated velocity amplification. Amplification here is the difference between the velocity of the topography and smoothed 
simulations. Black star is Gorkha epicenter. Black square highlights the Langtang valley.



Geophysical Research Letters

DUNHAM ET AL.

10.1029/2022GL098582

10 of 12

source ridge due to the orientations of successive wavefronts from different portions of the Gorkha rupture likely 
contributed to the triggering of this large and devastating landslide. This work has important implications for 
future hazards in seismically active high mountain terrain. As glaciers continue to thin and retreat due to climate 
change, we may expect both decreased stability of deglaciated or partially deglaciated terrain and increased 
ground shaking from site amplification from future earthquakes, leading to a potential increase in the frequency 
of large coseismic landslides. Quantifying ground shaking and topographic amplification in the context of evolv-
ing landscape properties can provide an important tool for assessing coseismic landslide potential in the Himalaya 
and other active mountain regions.

Data Availability Statement
The data and software used in the simulations included (a) a finite fault model from Wei et al., 2018, found 
in the supplementary material of that paper, (b) 30m topographic data that was provided by SRTM3 (https://
doi.org/10.1029/2005RG000183) and distributed by GMTSAR (https://topex.ucsd.edu/gmtsar/demgen/), this 
topography was also used in the analysis, and (c) open source software SPECFEM3D cartesian (Komatitsch 
& Tromp,  2002a,  2002b) distributed by Computational Infrastructure for Geophysics (https://geodynam-
ics.org/resources/notebooks). The landslide database is from Roback et  al.,  2018 (https://doi.org/10.1016/j.
geomorph.2017.01.030) and is available from https://doi.org/10.5066/F7DZ06F9. Landcover data used in the 
present study is distributed by ESRI and is based on the data set produced for the Dynamic World Project by 
National Geographic Society in partnership with Google and the World Resources Institute (https://tiledimag-
eservices.arcgis.com/P3ePLMYs2RVChkJx/arcgis/rest/services/Esri_2020_Land_Cover_V2/ImageServer). 
Glaciers outlines were taken from the GLIMS database (https://www.glims.org/).
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