Coseismic Landsliding associated with the April-May 2015 Gorkha
Earthquake Sequence, Nepal

Abstract

Coseismic landsliding poses immediate and prolonged hazards to mountainous
communities, as well as a rare opportunity to study the effect of large earthquakes on
erosion and sediment budgets. The April-May 2015 Gorkha earthquake sequence was
associated with widespread landsliding throughout the steep Himalayan Mountains in
central Nepal. To investigate the effects of seismic shaking on slope stability, landslides
were manually mapped using high-resolution pre- and post-event satellite imagery.
Landslide activity appears to be associated mainly with the M,,7.8 main shock on April 25,
with only minor additional landsliding due to the M,,7.2 May 12 aftershock. The observed
distribution shows the greatest density of landsliding at 1500-3500 m elevation in Greater
Himalayan river gorges. This density pattern may reflect variations in rock strength with
elevation, and possibly local variations in PGA due to topographic effects. Landslide density
is highest above the eastern end of the fault rupture area, which mirrors a focusing of
energy from the April 25 mainshock in the direction of rupture propagation. Landslide
mobility was also calculated as a function of the ratio of drop height to runout length versus
landslide volume. It was found that the most mobile landslides tended to occur at >3500 m
elevation in the Greater Himalaya, which may reflect lower frictional resistance to landslide
movement at higher elevations due to ice and snow, a tendency to observe larger source
areas at high elevations, or steeper, longer hillslopes at high elevations.

Introduction

Coseismic landslides have long been recognized as an important secondary hazard
of earthquakes. They can contribute heavily to observed losses, as in the 2008 Wenchuan
earthquake, where about 20,000 of 100,000 fatalities were attributed directly to landsliding
(Huang et al, 2013). Coseismic landsliding is also thought to contribute to erosional budgets
in mountain belts over geologic timescales (Parker et al, 2011), and an important factor in
creating steep, irregular hillslopes in active mountain belts (Densmore et al,, 1997).
Additionally, coseismic landslide distributions can be used with modeled PGA distributions
from earthquakes to investigate variations in surface-forming material strength across
landscapes (Gallen et al., 2015).

The magnitudes of coseismic landslide events are observed to follow a power-law
relation with the associated earthquake moment magnitude (Malamud and Turcotte, 2004;
Keefer, 1984). However, this relationship is likely biased towards conditions favoring higher
event magnitudes, such as steep topography and occurrence of the event on a shallow
continental fault, because landslide events that are typically large enough to study occur
under these conditions. The distribution of coseismic landsliding is influenced by factors
such as PGA and local hillslope steepness (Keefer, 1984, Meunier et al, 2009). Because
coseismic landslides involve movement of material in the upper tens of meters of the
ground surface, variations in near-surface material strength can influence landslide
distribution as well. These strength contrasts might arise from varying weathering
processes and lithologies across the affected area, as well as groundwater presence.

Coseismic landslides encompass a range of landslide movement types and typically
involve both rock and soil. These can be broadly classified by five categories of movement
and material type, including coherent slides in soil, coherent slides in rock, disrupted slides



and falls in soil, disrupted slides and falls in rock, and lateral spreads (Keefer, 1984).
Categories are distinguished by the nature of the material the slide occurs in, and the
presence or lack of internal deformation in the landslide mass (Varnes, 1978). In this
system, “rock” is considered to be largely intact bedrock, while “soils” include essentially
the entire range of materials classified as “regolith”, including saprolite (weathered,
fractured bedrock) and unconsolidated sediment and soils.

Coherent slides are generally deep-seated movements of blocks of material with
relatively little internal deformation. These landslides form a curved or linear detachment
surface, above which intact material is displaced. The form of a detachment surface, and
coherent movement are typically controlled to a large extent by features such as soil
horizons, saturated layers, and planes of foliation or bedding in rock. In contrast, disrupted
slides involve more fracturing and fluid-like movement of the landslide mass. Disrupted
slides typically develop on steeper slopes than coherent slides and involve fast, energetic
movements of material. Lateral spreads involve largely translational movement of material
over a saturated layer. Lateral spreads occur only in unconsolidated surface materials, can
happen at very shallow slopes, and can be fast and energetic. In general, the vast majority of
landslides triggered by earthquakes are disrupted rock or soil slides. Coherent slides and
lateral spreads are relatively rare (Keefer, 2002).

Himalayan seismotectonics and the 2015 M7.8 Gorkha earthquake sequence

The Himalayan front has long been recognized as an area of high seismic hazard.
Active continental convergence of India and Asia occurs at a rate of about 45 mm/yr (Sella
etal.,, 2002), of which 20 mm/yr is accommodated by the Main Himalayan Thrust (Lavé and
Avouac, 2000). Earthquakes on this fault have included probable M8-9 events in the past,
such as a large earthquake in 1505 (Bilham, 2003). However, only intermediate-magnitude
earthquakes have occurred in Nepal in the last century, such as the 1934 M8 Bihar-Nepal
quake (Bilham, 2003).

The Himalayan front is also recognized as a region of unusually high landslide
hazard. Steep topographic relief, intense precipitation, and high population density combine
with the seismic potential to produce a frequent occurrence of fatal landsliding. Most non-
seismic landsliding occurs during the summer months, when heavy monsoon rainstorms
destabilize slopes and trigger failures (Petley, 2012). Heavy landsliding in association with
past earthquakes has been documented along the Himalayan thrust, including the 1934 M8
Bihar-Nepal quake (Pandey and Molnar, 1988), the 1950 Assam quake (Mathur, 1953), and
the 2005 Kashmir quake (Owen et al, 2008).

The April 25 M, 7.8 event ruptured approximately a 140 km east-west segment of
the Main Himalayan Thrust (MHT), but did not produce a surface break (Hayes et al,, 2015).
The rupture initiated near Barpak, ~80 km northwest of Kathmandu and propagated
eastward. The event was followed by a series of large aftershocks, including a M,, 7.2 event
on May 12 which ruptured a portion of the MHT directly east of the April 25 rupture
(Avouac et al, 2015). Nearly 10,000 fatalities, and economic losses equivalent to billions of
US dollars, occurred from the mainshock alone (Zhao, 2015). Due to the magnitude of the
event, and the proximity of the rupture plane to the surface, extensive landsliding was
anticipated from this earthquake.

Immediately after the event, various international groups began working to identify
landslides triggered by the quake for disaster-relief and early scientific purposes. Different
groups have made conflicting claims on the size of the event; Kargel et al. (2016) used
mapping based on satellite imagery to identify 4,312 landslides triggered by the quake, and
characterized the event as being much smaller than that observed for other comparable



earthquake events. However, Collins and Jibson (2015) estimated that the earthquake had
triggered tens of thousands of landslides, based on field-based surveys. A region of high-
density landsliding was noted mainly in the Greater Himalaya by Kargel et al. and the EWF
(Earthquakes Without Frontiers) group. Kargel et al. suggested that this concentration of
landslides was caused by the downdropping of the Greater Himalaya during the earthquake,
as well as the abundance of steep slopes in the Greater Himalaya.

Methods

Coseismic landslides were mapped as part of a rapid response award from the
National Science Foundation (RAPID EAR - Geomorphology and Land Use Dynamics). This
mapping superseded immediate response and recovery efforts comprised of point
identification of landslide locations (ICIMOD, 2015; Kargel et al., 2015) or lines (EWF 2015).
High-resolution imagery from the NGA (National Geospatial Agency) was processed and
made available within a few months after the event through a cooperative agreement with
the NSF-sponsored PGC (Polar Geospatial Center). We examined pre- and post-earthquake
orthorectified and georeferenced images in order to visibly identify coseismic landslides.

The availability of high-resolution, high-quality image enabled mapping landslides
in detail. Scar (source) areas and deposit (runout) areas can be differentiated, allowing us to
create the first polygon inventory for a coseismic landslide event with such delineation. In
addition, we calculated various statistics that could be used to quantify the mobility of
landslides, using SRTM 30-m resolution digital topography.

Landslide inventory

Coseismic landslides were mapped by comparison of pre- and post-event high-
resolution (<1m) satellite photographs. Images used were visible-light and panchromatic
images collected by the Worldview satellites, which were pansharpened and orthorectified
by DigitalGlobe. The Worldview satellite imagery provides image resolutions of <0.5 m.
Acquisition dates of imagery used to map landslides ranged from May 2 to June 6, as
continuous cloud cover was present for the first week following the main shock. When
multiple sets of imagery from different dates were available for an area, the least distorted
imagery was used to map polygons; other sets of earlier imagery were sometimes used to
better constrain the formation date of a landslide when possible, but were not used to map
features if they were more severely distorted than later sets.

Landslide areas were outlined manually onto the georeferenced imagery as polygon
features using ArcMap v. 10.2.2 (ArcInfo, ESRI). Small landslides were recognized by
changes in reflectivity due to surface disruption or loss of vegetative cover, and larger
landslides could be identified by fresh morphologic features (i.e. scarp, toe, etc.). Fresh
landslides, as well as, pre-existing landslides reactivated in the post-event images were
mapped and included in the inventory. Landslides as small as ~100 m2 in total area could be
recognized across much of the study area. Manual methods were used rather than
automated or semi-automated methods, because automated methods produce large
numbers of false positives in the mapped inventory. Therefore, manual techniques, despite
being labor-intensive, are still considered to yield the highest-fidelity mapping results (Harp
and Jibson, 1996; Harp et al, 2011; Xu et al, 2014).

Where landslides were partially obscured by clouds or steep terrain, polygons were
drawn around the visible portion of the landslide and marked as incomplete. Clouded areas,
and areas shadowed by steep slopes, were marked and excluded from calculations which
are dependent on mapped area such as landslide density (purple polygons, Fig. 1B). Image
distortions also limited the mapping area, as severely distorted images provide an



inaccurate representation of landslide geometry. Landslides might also be mislocated in
distorted imagery relative to their actual locations on reference terrain models (such as
SRTM digital topography), and would contribute potentially erroneous statistical values
with respect to topographic variables (i.e. slope, elevation, etc.).

Combining adjacent landslides into single polygon features, or “amalgamation” is
known to skew landslide inventory statistics. In order to minimize such effects, adjacent
landslides with separate source areas were mapped as separate polygons to the greatest
extent possible. When deposits from multiple source areas overlapped, the deposit was
assigned only to the largest contributing source area, to prevent double counting of deposit
areas in the inventory.

Fresh landslides were most easily recognized by the changes in spectra associated
with vegetation loss. The lack of vegetation at high elevations in the Himalaya thus made
mapping more difficult, although fresh landslides could still generally be recognized by
more subtle changes in reflectivity or morphology. Snow cover could also potentially
obscure some landslides, although generally deposits from fresh landslides were observed
on top of the snow cover, rather than beneath. Nevertheless, these issues that the higher
elevations are more biased more towards minimum estimates of landsliding, as compared
to vegetated areas at lower elevations.

Cloudy weather frustrated early efforts to obtain satellite imagery of affected areas
in the days immediately after the event; as a result of this it is possible that some mapped
landslides may have been triggered by aftershocks within the first week following the event,
rather than the mainshock. However, we note that most of our inventory is derived from
post-event imagery that predates the M,,7.2 aftershock on May 12. While we cannot rule out
contributions to landsliding from several >M6 aftershocks which occurred in the two days
following the mainshock, we can see that many of the larger aftershocks (including the
M.7.2 event on May 12) contributed little to observed landsliding. This notion was also
corroborated by ground reports from affected areas. The extent of areas mapped to date is
shown in Fig. 1B.
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Fig. 1A: View of the study area, with major physiographic provinces, river valleys,
and some cities labeled.
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Fig. 1B (Top): Wide view of mapping areas in relation to the April 25 rupture area (with inset
map showing wider extent of the study area). Bottom: Sample of landslide mapping in the upper
Balephi Khola watershed showing pre-earthquake conditions (left) and post-earthquake
landslides (right). Polygons identify total landslide areas (yellow) and scars (orange).



Landslide statistics

Several types of landslide statistics were calculated using ArcInfo tools and STRM (Shuttle
Radar Topography Mission) digital topography. The STRM project used radar
interferometry to create a digital elevation model (DEM) of the entire Earth at 1 arc-second
(~30-m) resolution (Farr et al, 2007). Topographic data for our studied area from this
project was downloaded and projected into the WGS (World Geodetic System) 1984 Zone
45N coordinate system, to align with the coordinate system used in mapping the landslide
polygons. A slope grid of equivalent resolution was calculated and minimum, maximum, and
average slopes and elevations were extracted for the areas enclosed by individual mapped
landslide polygons including separation of source and runout area.

The coarse resolution of our DEM proved to be a major limiting factor in our
analysis. While the high-resolution imagery enabled mapping of many small (~100 m2 or
smaller) landslides, accurate characterizations of elevation and particularly slope were not
always possible for such small features. Additionally, estimated PGA from the main April 25
event at each feature was calculated using the latest version of the USGS ShakeMap for that
event (USGS, 2015).

Additional statistical properties of the landslide inventory include landslide volume,
runout length, and potential energy of the source volume. Landslide volume was calculated
using the area-volume relation given in Parker (2011) for mixed Himalayan bedrock and
soil landslides:

Volume = 0.257(Area)3®

Runout length was estimated using an assumed simple geometry of the landslide with a
circular source area and straight runout path of constant width. Under this geometry, the
runout length could be related to the source area and full area statistics:
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Here, R is the runout length, A is the full area (source and runout) affected by the landslide,
and Ag is the source area. Potential energy was calculated as:

E = pgHv

Here, p is the density of the source mass (assumed to be 2500 kg/m3), g is gravitational
acceleration, H is the height drop (difference in height between the highest and lowest
elevation included in the full mapped polygon), and v is the source volume).

Using these calculated quantities, the relative mobility of landslides in the inventory
could be quantified. Landslides with source areas of less than 900 m2 (equivalent to the size
of one DEM pixel) were excluded from mobility calculations (except where noted), as the
coarse resolution of our DEM could lead to inaccurate representations of slope angles,
especially for smaller features. We define a relatively mobile landslide as a runout length to
height drop (R/H) ratio > 2, which is a value that exceeds typical volume to mobility
relationship for this dataset.



Results and Discussion

Upwards of 22,000 landslides triggered by the Gorkha earthquake have been
mapped to date. Small gaps in our mapping remain because of the lack of undistorted
imagery in these regions including areas due north of Kathmandu, in the southern Lesser
Himalaya (Mahabharat Range) and a portion of the Greater Himalaya, which encompasses
the upper Trisuli River drainage (Fig. 1A, 1B). However, we interpret low landslide densities
in these regions based on mapping in adjacent areas and from regional point and line
inventories (EWF, 2015; Kargel et al,, 2016). For this reason, we consider the inventory to
be largely complete, and that we have identified and mapped most of the high-density
regions of landsliding associated with this event. Malamud and Turcotte (2004) published a
relation between earthquake moment magnitude and the number of landslides triggered by
the earthquake, based on a study of previously compiled coseismic landslide inventories.
The count of ~22,000 landslides mapped in association with the Gorkha earthquake is in
good agreement with this relation.
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Fig. 2: Fig. 4 modified from Malamud and Turcotte (2004) to include the Gorkha
landslide inventory (green star).

A comparison of our inventory to other coseismic landslide inventories (in frequency-area
space) is given in Fig. 3A. The distribution peaks at landslide areas around 103 m2. In Fig. 3B,
the plot is normalized for the varying sizes of the landslide inventory. The Gorkha landslide
inventory plots most closely to the Northridge inventory. This may reflect the higher quality
of imagery used to create these inventories. There is also a relative lack of larger landslides
in the mapped inventory, in comparison to the ChiChi and Wenchuan events, consistent
with field observations (Collins and Jibson, 2015).
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Fig. 3: Frequency-area (3A) and probability density-area (3B) plots for 5 coseismic
landslide inventories: Gorkha (2015), ChiChi (1999), Northridge (1994), Kona
(2006), and Wenchuan (2008).

We analyzed the landslide distribution with respect to trends in elevation, rupture
direction and mobility as detailed in the following sub-sections. General patterns include a
concentration of landsliding at lower elevations (below 3500 m) in deep Greater Himalayan
river gorges. Few landslides were found in the higher, glaciated terrain despite much higher
steep slopes concentrated there. The landslide distribution also showed an eastward focus,
with the highest densities found above the eastern end of the fault rupture area. The
mobility of landslides was also studied; we found that the most mobile landslides generated
by the Gorkha quake tended to occur at high elevations in the Greater Himalaya.

Landslide distribution with respect to elevation

High-density regions of landsliding were generally found to occur at lower elevations in the
Greater Himalaya. The highest regions of landslide density occur between elevations of
1500 and 3500 m in the Greater Himalaya specifically in the main trans-Himalyan river
gorges (Fig. 4 and 5). Relatively few landslides were found in the higher, glaciated terrain of
the Himalaya. However, forward prediction models of slope failures based on model PGA,
local slope and a uniform rock strength predict the opposite pattern (higher density
landsliding at high elevation) because of the steeper topography in the high elevation,
glaciated terrain (Gallen et al, in review). This discrepancy between the predicted and
observed distribution can be explained by a number of different factors.

10
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Fig. 4: Landslide density as a function of elevation. Landslide density is
concentrated between 1500-3500 m elevation.
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Fig. 5: Map of landslide density resulting from the Gorkha earthquake.
Important factors in influencing coseismic landslide distributions include the nature

of the earthquake source, local variations in PGA (Peak Ground Acceleration) driven by local
geology and/or topography, variations in the susceptibility of different slopes to failure. Of
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these factors, the first we investigated was variation in slope susceptibility with elevation.
Slope susceptibility is a function of slope steepness, the strength of the slope-forming
material (soil, regolith and/or underlying bedrock), and groundwater presence/flow.
However, because the earthquake occurred near the end of the dry season, we neglected
consideration of possible groundwater and precipitation effects.

Not surprisingly, landslide density is a strong function of slope, with the majority of
landslides occurring on slopes greater than 40 degrees (Fig. 6). Using the 30 m SRTM DEM,
both the relative abundance of steep slopes (> 40°) and mean slope increase at higher
elevation (Figs. 7 and 8). Therefore, steep slopes are more abundant at high elevations in
the Greater Himalaya than they are at lower elevations, where landsliding is more densely
concentrated. This indicates that another factor other than slope steepness is needed to
explain the observed landslide distribution.
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Fig. 6: Landslide density as a function of slope. Maximum slope within the landslide
polygon is used as a proxy for the likely initiation of failure.
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Fig. 7: Landslide density (dashed line), and percent abundance of steep slopes (solid
line), plotted as a function of elevation in the study area as given in Fig. 1.
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Fig. 8: Landslide density and mean slope, plotted against elevation in the study area
as given in Fig. 1.

Variations in rock strength could explain the observed patterns of landslide density
with respect to elevation. Although the subject has not been studied extensively in the
Himalaya, one might expect greater rock strength at high elevations due to a relative lack of
chemical weathering and soil formation in glaciated terrain. Alternatively, local variations in
PGA could exist due to interactions with topography. The interaction of incoming seismic
waves with the Earth’s surface can produce complex patterns of interference, leading to
unexpected amplification or damping of shaking in local areas. Upslope amplification of
seismic shaking has been observed at some sites (e. g., Septilveda et al, 2005; Hough et al.,
2010), but generalized patterns of amplification are not well understood for the litany of
varying topographies and subsurface structures that are observed in natural hillslopes. If
this effect applies to the Gorkha event, we would expect systematic variations in PGA due to

the shape of glacial versus fluvial topography.
Landslide distribution with respect to rupture propagation

The landslide inventory also shows an eastward-directed focusing of landslide
activity, which clearly predates the May 12 M,,7.2 aftershock located at the eastern
terminus of the main shock rupture area (Fig. 9). A peak in landslide density occurs near the
epicentral region; landslide density then falls east of the epicenter, and trends back upward
toward the eastward end of the rupture area. The highest peak in density occurs just east of
the termination of the mainshock rupture, corresponding to the Bhote Kosi river area. The
decline of landslide activity east and west of the rupture respectively are startlingly
different; landslide density decreases more rapidly to the west than the east. This trend may
reflect a greater intensity of shaking or higher frequency spectra in the direction of rupture

propagation for the earthquake.
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Landslide distributions are potentially influenced by aftershock activity.
Comparison of imagery sets collected on May 3 and May 25 of the highest-density areas of
landsliding in the Bhote Kosi suggests that the My 7.2 aftershock triggered very minimal
landslide activity (Fig. 10). Ground reports corroborate with the notion that most
landsliding was triggered by the mainshock rather than aftershocks. This may indicate that
the April 25 mainshock effectively cleared most unstable material off of slopes in the
affected region, leaving little for subseqgent aftershocks to move in such a short time period.
Smaller aftershocks also are unlikely to contribute to further landsliding since generally M4
and greater earthquakes are required to trigger landsliding (Malamud and Turcotte, 2004).
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Landslide mobility

We observe that large source volumes tend to be relatively more mobile than
smaller ones, consistent with a well-recognized “size effect” observed in other datasets (Fig.
10; e.g. Dade and Huppert, 1998). The main population of landslides is concentrated at low
source volumes (~103 m3) and low (x0.1-0.3) values of R/H; however, larger source
volumes of around 104 m3 or greater tend to have R/H values near 0.5. Interestingly, there
is not a continued increase in mobility of landslides for source areas reaching into the 105 to
10¢ m3range. This could reflect a limitation of landslide transport by hillslope length in the
Himalaya; since most landslides happen at lower elevations in the Greater Himalaya, they
might be stopped quickly when they reach the bottom portions of narrow river gorges.

Larger source areas might be favored at higher elevations due to the fact that
landslides at higher elevations are more likely to be rock slides than those at lower
elevations (due to a lack of presence of soils and chemical weathering at high elevations).
Failures in rock slides are controlled primarily by fractures and joints, which have a lower
effective strength at larger scales (Bandis et al, 1981; Hoek and Brown, 1997); this favors
larger failures in fractured rock masses, as opposed to smaller failures in soil and variably
weathered regolith.
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Fig. 11: Plot of R/H against estimated source volume for mapped landslides from
the Gorkha earthquake. Plot is contoured by point density.

We also isolate a subset of particularly mobile landslides, which do not follow the
expected size-mobility trend. These were defined as those landslides which had a source
area greater than 900 m?, a runout length greater than 200 m, and a runout length to height
drop ratio greater than 2. In Fig. 12, the count of these landslides is plotted against
elevation. In sharp contrast to the main distribution, highly mobile landslides are most
abundant at higher elevations (peaking at ~4500 m), in the glaciated parts of the Greater
Himalaya.
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Fig. 12: Count of high-mobility landslides triggered by the Gorkha earthquake,
plotted against elevation.

One factor that may enhance high-elevation landslide mobility is lower frictional
resistance to landslide movement. At high elevation in the Greater Himalaya, vegetation is
sparse to nonexistent, and snow, ice, and bare rock are the dominant surface-forming
materials. At lower elevations, dense forests and unconsolidated soils mantle the surface
and these might be expected to impede the movement of a landslide mass more than the
smoother surfaces found at high elevations. If snow and ice mix into the moving material
and are melted due to frictional heating, they could also serve as a fluidizing medium for the
moving mass, increasing its mobility (e. g., Legros, 2002).
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Fig. 13: Average source area size for landslides triggered by the Gorkha earthquake,
plotted against elevation.

Steeper slopes and cliffs at high elevations (Fig. 8) could also contribute to the high
mobility of landslides, since a steeper slope provides a clearer path of descent and faster
acceleration of the slide mass than a shallower one. Additionally, the presence of steeper
slopes could also encourage the detachment of larger, more mobile source volumes in
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failure events. Longer hillslope lengths in the high Himalaya, if present, could also enhance
landslide mobility.

Conclusions

The April 25, M,, 7.8 Gorkha earthquake triggered upwards of 22,000 landslides.
The number of mapped landslides is in good agreement with that predicted by previously
published relations between an earthquake moment magnitude and coseismic landslide
count. Higher concentrations of landslides were observed at lower elevations in Greater
Himalayan river gorges, despite greater steep slope distributions at high altitude. Because
slope angle variations do not explain the observed distribution of landsliding with elevation,
we propose that variations in rock strength and possibly local variations in PGA due to
topographic effects dictate the observed landslide distribution. Future field-based studies of
rock strength and modeled ground motions that include the effect of topography are
required for further understanding.

Landslide density also increases towards the eastern end of the rupture patch.
Although this increase correlates with an increase in aftershock density, based on available
imagery and ground reports it seems that aftershocks triggered very few landslides in
densely-affected areas. We therefore suggest that the increase in density may reflect a
focusing of seismic energy from the quake in the direction of rupture propagation.

Our studies of landslide mobility found that larger landslides have a tendency to be
more mobile than smaller landslides, consistent with the known “size effect” where larger
landslides travel greater relative distances (Legros, 2002). We also find that more mobile
landslides tend to occur at higher elevations in the Greater Himalaya. This may reflect lower
frictional resistance to landslide movement at higher elevations (due to the presence of
snow and ice), a preference for larger source areas at high elevations, or increases in
hillslope steepness and length.
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