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A B S T R A C T

In the Nepalese Himalaya, there is little information on the number, spatial distribution and morphometric
characteristics of rock glaciers, and this information is required if their hydrological contribution is to be un-
derstood. Based on freely available fine spatial resolution satellite data accessible through Google Earth, we
produced the first comprehensive Nepalese rock glacier inventory, supported through statistical validation and
field survey. The inventory includes the location of over 6000 rock glaciers, with a mean specific density of
3.4%. This corresponds to an areal coverage of 1371 km2. Our approach subsampled approximately 20% of the
total identified rock glacier inventory (n = 1137) and digitised their outlines so that quantitative/qualitative
landform attributes could be extracted. Intact landforms (containing ice) accounted for 68% of the subsample,
and the remaining were classified as relict (not containing ice). The majority (56%) were found to have a
northerly aspect (NE, N, and NW), and landforms situated within north- to west-aspects reside at lower eleva-
tions than those with south- to- east aspects. In Nepal, we show that rock glaciers are situated between 3225 and
5675 m a.s.l., with the mean minimum elevation at the front estimated to be 4977 ± 280 m a.s.l. for intact
landforms and 4541 ± 346 m a.s.l. for relict landforms. The hydrological significance of rock glaciers in Nepal
was then established by statistically upscaling the results from the subsample to estimate that these cryospheric
reserves store between 16.72 and 25.08 billion m3 of water. This study, for the first time, estimates rock glacier
water volume equivalents and evaluates their relative hydrological importance in comparison to ice glaciers.
Across the Nepalese Himalaya, rock glacier to ice glacier water volume equivalent is 1:9, and generally increases
westwards (e.g., ratio = 1:3, West region). This inventory represents a preliminary step for understanding the
spatial distribution and the geomorphic conditions necessary for rock glacier formation in the Himalaya. With
continued climatically-driven ice glacier recession, the relative importance of rock glaciers in the Nepalese
Himalaya will potentially increase.

1. Introduction

The Hindu Kush-Himalayan (HKH) region contains ~54,000 gla-
ciers covering an area of ~60,000 km2 (Bajracharya and Shrestha,
2011), constituting the most extensive glacier coverage outside of the
polar regions and forming the “Asian water towers” (Immerzeel et al.,
2010). HKH-derived glacier and snowpack meltwater is important in
sustaining seasonal water availability, and the food- and water-security
of millions (Viviroli et al., 2007; Immerzeel et al., 2010; Kohler et al.,
2014). HKH glaciers have generally undergone mass loss between 1980
and 2010 (Bajracharya et al., 2015), with estimated glacial mass change

rates of −26 ± 12 Gt year−1 (2003–2009) (Gardner et al., 2013),
while substantial further long-term glacial mass losses are projected
under climate warming (Bolch et al., 2012; Jiménez Cisneros et al.,
2014; Huss and Hock, 2015; Shrestha et al., 2015). The recession and,
in some locations, loss of high-altitude frozen water stores may have
significant consequences for downstream water supply (Immerzeel
et al., 2010; Bolch et al., 2012), particularly following peak non-re-
newable water (Gleick and Palaniappan, 2010), with long-term de-
creased summer runoff projected (e.g., Sorg et al., 2014a; Sorg et al.,
2014b). However, more climatically resilient permafrost features, in-
cluding intact rock glaciers, contain ground ice volumes of potentially
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significant hydrological value (e.g., Rangecroft et al., 2015).
Rock glaciers are cryospheric landforms formed by gravity-driven

creep of ice-supersaturated accumulations of rock debris, incorporating
a perennially frozen mixture of poorly sorted angular-rock debris and
ground ice (Haeberli et al., 2006). They are characterised by a sea-
sonally frozen, clastic blocky surficial layer 0.5 to 5 m thick that thaws
each summer (known as the active layer) (Bonnaventure and
Lamoureux, 2013; Pourrier et al., 2014). Critically, compared to clean-
ice glaciers, the active layer has been shown to slow melt of ground ice
within rock glaciers (Humlum, 1997; Bonnaventure and Lamoureux,
2013; Gruber et al., 2016). Rock glaciers thus potentially form key
hydrological stores in semi- and arid-mountains, e.g., dry Andes, South
America (Brenning, 2005b; Azócar and Brenning, 2010; Rangecroft
et al., 2014), and are expected to form a larger component of base flow
to rivers/streams under climate warming (Janke et al., 2015).

There have been a great number of inventories compiled for rock
glacier distribution in various mountain ranges, for instance in central
Europe (Chueca, 1992; Imhof, 1996; Guglielmin and Smiraglia, 1997;
Baroni et al., 2004; Nyenhuis et al., 2005; Roer and Nyenhuis, 2007;
Cremonese et al., 2011; Krainer and Ribis, 2012; Seppi et al., 2012;
Bodin, 2013; Scotti et al., 2013; Colucci et al., 2016; Salvador-Franch
et al., 2016; Triglav-Čekada et al., 2016; Winkler et al., 2016a; Onaca
et al., 2017), Greenland and Scandinavia (Sollid and Sørbel, 1992;
Humlum, 2000; Lilleøren and Etzelüller, 2011), Iceland (Etzelmüller
et al., 2007), North America (Ellis and Calkin, 1979; Janke, 2007;
Johnson et al., 2007; Millar and Westfall, 2008; Page, 2009; Liu et al.,
2013; Charbonneau, 2015; Legg, 2016), South America (Brenning,
2005b; Perucca and Esper Angillieri, 2008; Esper Angillieri, 2009;
Azócar and Brenning, 2010; Perucca and Esper Angillieri, 2011;
Falaschi et al., 2014; Rangecroft et al., 2014; Falaschi et al., 2015;
Azócar et al., 2016; Falaschi et al., 2016; Janke et al., 2017), Asia
(Gorbunov et al., 1998; Ishikawa et al., 2001; Bolch and Marchenko,
2006; Regmi, 2008; Bolch and Gorbunov, 2014; Schmid et al., 2015;
Wang et al., 2016) and New Zealand (Brazier et al., 1998; Allen et al.,
2008; Sattler et al., 2016). However, rock glaciers in the HKH are
comparatively less well studied, particularly within the Nepalese Hi-
malaya where no inventory exists. Additionally, previous studies that
have been carried out in the HKH were conducted at localised extents or
are incomplete (e.g., Gorbunov et al., 1992; Jakob, 1992; Barsch and
Jakob, 1998; Gorbunov et al., 1998; Owen and England, 1998; Shroder
et al., 2000; Ishikawa et al., 2001; Regmi, 2008; Bolch and Gorbunov,
2014; Schmid et al., 2015). Thus, the hydrological contribution of these
‘hidden ice’ features to streamflow in the HKH is completely unknown.
A full understanding of all inputs to the high-altitude hydrological
cycle, including rock glaciers, is necessary for effective water resource
management to mitigate or adapt to the impacts of climate change,
particularly given that the HKH supplies water to millions of people.

In this context, the primary objectives of this study were to map the
distribution of rock glaciers across the Nepal Himalaya (Fig. 1) and
assess their hydrological significance, compared to glaciers, at regional
and national spatial scales. The genesis of rock glaciers remains con-
tested; this controversy has been between the permafrost school (purely
periglacial-origin) vs. the continuum school (glacial- and periglacial-
origin), and has previously been summarised and discussed in detail
(see Berthling, 2011). Discussion of this is beyond the scope of this
study; therefore, here we adopt the inclusive, and non-genetic, terms
discrete debris accumulations (herein DDAs) and ice-debris landforms
(herein I-DLs) to incorporate rock glaciers, protalus lobes and protalus
ramparts. Ground ice is present within I-DLs (Harrison et al., 2008;
Jarman et al., 2013).

2. Regional setting

Located within the HKH region, Nepal is situated between 26°22′ to
30°27′N latitude and 80°04′ to 88°12′E longitude extending ~800 km
east to west and an average ~140 km north to south (Fig. 1). Nepal

encompasses an area of 147,181 km2, divided into five principal phy-
siographical regions: Terai Plain, Siwalik Hills, Middle mountains, High
mountains (inclusive of the Main Himalayas and the Inner Himalayan
valleys), and the High Himalaya (see Shrestha and Aryal, 2011). In this
study, our work was primarily concerned with the High Himalaya as
this is where the majority of the permafrost region is found. Encom-
passing the area ≥4000 m a.s.l. (metres above sea level), this region is
characterised by extremely rugged terrain and is home to eight of the
ten highest peaks in the world including Mount Everest (8848 m a.s.l.).
Furthermore, ~3800 glaciers covering ~3900 km2 (~3%) of the total
area of Nepal are primarily situated within this physiographic region
(Bajracharya and Shrestha, 2011). The snowline altitude is
~5000 m a.s.l. (Shrestha and Joshi, 2011) with ~14,200 km2 (~10%)
of the total area of Nepal located above this elevation.

Due to the topographical extremes of the High mountains and High
Himalaya, the climate type ranges from subtropical in the south to
arctic in the north. The Asian summer monsoon dominates the climate
of Nepal, providing most of the precipitation during June–September
(Shrestha and Aryal, 2011); dependent on the location, ~80% of annual
precipitation may occur within this period (Shrestha, 2000). Winter and
spring precipitation predominantly falls as snow, forming snowpack
stores that provide critical meltwater during the dry season (Februar-
y–April). Alongside snowpack melt, glacier-derived meltwater con-
tributions are important for maintaining perennial flow of the major
rivers in Nepal and also the Ganges in India (Shrestha and Aryal, 2011).
Consequently, projected reductions in glacial coverage under climate
change, compounded by poor infrastructure and high population
growth (Udmale et al., 2016), will have regional consequences for
water resource availability (Shrestha and Aryal, 2011).

3. Materials and methods

3.1. Compilation of the DDA/I-DL inventory

Whereas automated and semi-automated techniques have enabled
mapping and monitoring of clean-ice glaciers from optical satellite
image data (e.g., Bolch and Kamp, 2006; Bhambri and Bolch, 2009;
Shukla et al., 2010), these approaches are generally unsuitable for
mapping debris-covered glaciers (e.g., Alifu et al., 2015) and rock
glaciers (e.g., Brenning, 2009). This is because both supraglacial-debris
(upon the glacier) and debris along the glacier margins originate from
surrounding valley rock, thus spectral similarity of features “render[s]
them mutually indistinguishable” (Shukla et al., 2010; Shukla and Ali,
2016). Therefore, following the methodology used in other inventory
studies (e.g., Baroni et al., 2004; Scotti et al., 2013; Falaschi et al.,
2014; Rangecroft et al., 2014) manual feature identification and digi-
tisation using geomorphic indicators was the optimal approach for
DDA/I-DL inventory compilation.

3.1.1. Remote sensing data
The inventory was generated using expert photomorphic mapping

from fine spatial satellite image data (5–30 m resolution) accessible
freely through Google Earth (version 7.1.5.1557, Google Inc.,
California, USA), including SPOT and DigitalGlobe (e.g., QuickBird,
Worldview-1 and 2 and IKONOS) (Schmid et al., 2015). Google Earth
has been used previously as a platform for mapping in a wide range of
research areas (see Yu and Gong, 2012), and is particularly useful for
large-scale geomorphological surveys (e.g., Bishop et al., 2014;
Rangecroft et al., 2014; Schmid et al., 2015). Additionally, Google
Earth Pro incorporates user-friendly GIS tools, enabling the creation of
user-defined databases exportable as KML formatted files for further
spatial analysis in a GIS environment (e.g., ArcGIS©) or data dis-
semination (e.g., Cremonese et al., 2011; Liu et al., 2013; Schmid et al.,
2015). In this study, inventory data are shared as an open-source geo-
database (see Supplementary Information), and we argue that data
dissemination through KML formatted files for use with free platforms
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such as Google Earth is a positive step towards scientific transparency
and open-access research. This has advantages for both the scientific
and local/regional communities.

Topographic data were derived from a ~30 m resolution digital
elevation model (DEM) created from the NASA Version 3.0 Shuttle
Radar Topography Mission (SRTM) Global 1 arc-second data (herein
referred to as “SRTM30”) (for further information see USGS, 2015).
Freely available SRTM30 data permits topographic analysis of DDAs/I-
DLs, where finer resolution products (e.g., WorldDEM™ [~12 m],
AW3GTM [~5 m]) are prohibitively expensive (Watson et al., 2015).
STRM DEMs have been successfully used in previous inventory studies
in mountain regions (e.g., Bolch and Gorbunov, 2014; Schmid et al.,
2015).

3.1.2. Landform digitisation and database composition
DDAs and I-DLs were identified and ‘pinned’ within Google Earth

Pro according to the presence of geomorphic indicators (Table 1). This
resulted in an initial point-based inventory for Nepal. The pinning
methodology relied on using a gridded search methodology to ensure
that the digitisation was exhaustive. To create the grid, in ArcGIS, the
study region was divided using a vector overlay of ~25 km2 grid
squares (Fig. 1). Subsequently the gridded overlay was imported into
Google Earth Pro and each grid square was visually surveyed on an
individual basis. The study region was split into five geographic sectors
of equal longitudinal-width, loosely adapted from the Nepalese Ad-
ministrative Districts: (i) East region (86°34′–88°12′E); (ii) Central re-
gion (84°56′–86°34′E); (iii) Central-west region (83°18′–84°56′E); (iv)
West region (81°40′–83°18′E); and (v) Far-west region (80°02′–81°40′E)
(Fig. 1).

From the point-based inventory, a ~20% sample of the identified

DDAs/I-DLs from each region were randomly selected using ArcGIS
(version 10.3.1, ESRI, Redlands, CA, USA) and their geographic
boundaries digitised within Google Earth Pro, forming a polygonised-
inventory within which more detailed spatial attributes were measured.
The pseudo-3D viewer in Google Earth provided topographic context
for landforms, and hence aided delineation of DDA/I-DL boundaries.
Furthermore, the availability of multi-temporal satellite image data
within Google Earth was critical for reducing the mapping uncertainty
associated with poor quality image data (affected by, for instance,
clouds, snow cover, and long cast shadows on steep-north facing
slopes). This enabled the generation of a more complete inventory.

The methodology of Scotti et al. (2013) was adopted for DDA/I-DL
boundary digitisation. The outline of the entire landform surface, from
the rooting zone to the base of the front slope (Barsch, 1996), was di-
gitised for each of the randomly sampled subset of DDAs/I-DLs. Some
aspects of digitisation were challenging: delimitation of the upper
boundary of DDAs/I-DLs through geomorphic mapping, is arbitrary
(Krainer and Ribis, 2012); determining the upper boundary of I-DLs
lacking prominent landforms (e.g., furrow-and-ridge topography)
within the rooting zone, particularly in the absence of knowledge re-
garding landform kinematics (i.e. movement), is difficult (e.g., Roer and
Nyenhuis, 2007); and delineation of individual polygons where mul-
tiple DDAs/I-DLs coalesce into a single body, is inherently subjective
(e.g., Scotti et al., 2013; Schmid et al., 2015). Within this study, “when
the frontal lobes of two (or more) rock glaciers originating from distinct
source basins join downslope, we consider the two components as se-
parate bodies. Where the limits between lobes are unclear and the lobes
share other morphological characteristics (e.g., degree of activity and
vegetation cover), we classify the whole system as a unique rock gla-
cier” (Scotti et al., 2013). Regarding cases where DDAs/I-DLs grade into

Elevation (m a.s.l.)

<1000

1000 - 2000

2000 - 3000

3000 - 4000

4000 - 5000

5000 - 6000

6000 - 7000

>7000 0 50 100 150 20025

Kilometres

West region

Central-west region

Central region

East region

Fig. 1. Overview map of Nepal, including the gridded overlay, overlaid on a 30 m SRTM DEM. Five geographic sectors were defined and subsequently used in this research: the Far-west
region, West region, Central-west region, Central region and the East region.

Table 1
Geomorphic indicators used for the identification of DDAs/I-DLs and their activity.

Geomorphic Indicator Active Relict

Surface flow structure • Defined furrow-and-ridge topography (Kääb and Weber, 2004) • Less defined furrow-and-ridge topography (Kääb and Weber,
2004)

Rock glacier body • Swollen body (Baroni et al., 2004) • Flattened body (Baroni et al., 2004)
• Surface ice exposures (e.g., Potter et al., 1998) • Surface collapse features (Barsch and King 1975 in Janke

et al., 2013)
Front slope • Steep (~>30–35°) (Baroni et al., 2004) • Gently sloping (~<30°) (Baroni et al., 2004)

• Sharp crested frontal slope (Wahrhaftig and Cox, 1959) • Gentle transition (rounded crest) to upper surface (Wahrhaftig
and Cox, 1959)

• Light-coloured (little clast weathering) frontal zone and darker varnished upper
surface (e.g., Bishop et al., 2014)
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upslope landforms (e.g., a debris rock glacier is gradually developing
form a terminal/lateral moraine), “a clear distinction between the two
landforms cannot be set and we delineated the whole body (i.e., mor-
aine plus rock glacier)” (Scotti et al., 2013). Both quantitative and
qualitative landform attributes were extracted and recorded for each
digitised DDA/I-DL (Table 2; Fig. 2). Within ArcGIS a regional projected
coordinate system, Nepal Nagarkot TM, was used for attribute extrac-
tion and DDA/I-DL polygons were re-projected into the WGS84 co-
ordinate system for exportation to KML formatted files. The quantita-
tive data (i.e. area, length, width) were directly calculated in ArcGIS.
Lengths (parallel to flow) were manually digitised within Google Earth
Pro for each landform. Based on the methodology described by

Frauenfelder et al. (2003), within ArcGIS widths (perpendicular to
length) were digitised at ~50 m intervals, and mean width calculated in
order to incorporate considerable width variation along the DDA/I-DL
(Fig. 2). Additionally, landforms were classified into tongue-shaped or
lobate-shaped, where the length: width ratio is> 1 or<1 respectfully
(Guglielmin and Smiraglia, 1998; Harrison et al., 2008).

Using ArcGIS surface raster functions, elevation, slope and aspect
were calculated for the SRTM30 DEM. ArcGIS zonal statistics were used
to overlay the polygonised DDAs/I-DLs onto SRTM30-derived raster
surfaces to calculate minimum, maximum, range and mean elevation
and slope for each landform. The minimum elevation at the front (MEF)
for each DDA/I-DL was defined as the elevation at which the base of the

Fig. 2. Annotated diagram of landform attributes on DDA/I-DL
(feature ID: [4]NEP1257_1_11052011), Nepal (29°06′20.36″N,
83°06′57.39″E). Image data: Google Earth, DigitalGlobe; ima-
gery date: 05 November 2011.

Table 2
Inventory structure: attributes derived during DDA/I-DL mapping, with attribute explanation. See also Fig. 2.

Attribute Attribute explanation

Name [Region No.]Grid ID_Feature No._MMDDYYYY (NB: MMDDYYYY refers to satellite image date)
Region [1] East [2] Central [3] Central-west [4] West [5] Far-west
DMSLon Longitudinal coordinate of polygon centroid (DDD°MM′SS.sss [N|S])
DMSLat Latitudinal coordinate of polygon centroid (DDD°MM′SS.sss [W|E])
MEF (m a.s.l.) Minimum elevation at the front
MaxE (m a.s.l.) Maximum elevation of the feature
Elevation_ (m a.s.l.) Range|mean
Area (km2) /
Slope_ (°) Maximum|minimum|range|mean
Mean_Aspect (°) 0–359
Aspect_Class N, NE, E, SE, S, SW, W, NW (e.g., 90° = E, 180° = S)
Max_Length (m) /
Max_Width (m) /
Mean_Width (m) /
L:W_Ratio Length: width ratio
Geometry_Type Shape: Tongue-shaped, lobate-shaped
Dynamic_Type Active, Inactive, Relict
WVEQ_ (km3) Water volume equivalent: 40%|50%|60%
Upslope_Boundary Glacier, slope
Index_Code See Table 3
Certainty_Index Medium_Certainty, High_Certainty, Virtual_Certainty
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front slope meets the slope downstream; the maximum elevation of the
feature (MaxE) as the upper boundary (Scotti et al., 2013). As a circular
parameter, mean aspect cannot be calculated using simple zonal sta-
tistics (i.e. the mean of 0° and 359° cannot be 180° [Davis 1986 in
Janke, 2013]). The vector mean aspect (θ) was calculated in R (version
3.1.2, R Core Team, Vienna, Austria) using Eq. (1):

S sin C cos arctan
S

C
∑ ∑= = =θ, θ θ (1)

where S is the sum of sine values of aspect (θ) (based on individual
pixels of the surface rasters), and C is the sum of cosine values of aspect
(Paul et al., 2009; Janke, 2013). The mean aspect was then recoded into
8 classes (N, NE, E, SE, S, SW, W, NW).

The degree of activity was determined considering the presumed ice
content and movement of DDAs/I-DLs, in accordance with the mor-
phological classification by Barsch (1996), using morphological- and
geomorphological- criteria from satellite image interpretation. In our
inventory, DDAs were categorised as relict (not containing ice, some-
times referred to as fossil) and I-DLs as intact (containing ice) (Table 1)
(e.g., Cremonese et al., 2011; Scotti et al., 2013; Rangecroft et al., 2014;
Onaca et al., 2017). The “intact” classification includes both active and
inactive landforms.

Active landforms (I-DLs) are generally characterised by: distinctive
surface micro-relief of furrow-and-ridge topography, predominantly the
result of longitudinal compression (see Springman et al., 2012), gravity-
driven viscous buckle folding (see Frehner et al., 2015) and/or the
debris grain-size; steep lateral slopes; and steep frontal slopes near the
angle of repose (Haeberli et al., 2006), all of which indicate ice pre-
sence (Barsch, 1996; Baroni et al., 2004). Inactive I-DLs also contain
ice, but are immobile. Barsch (1996) suggest two possibilities that may
account for this inactivity: (i) melting of the upper layers within the
frontal slope, such that “the unfrozen mantle at the top of the front
slope is more than 10 m thick” (Barsch, 1973 as cited in Barsch, 1996).
This type of I-DL inactivity is called climatic inactive; or (ii) I-DLs “ex-
tend so far from their source area that the tangential stress due to the
slope, the thickness of the deposit [e.g., insufficient talus-nourishment
rates to feature rooting zones (e.g., Kellerer-Pirklbauer and Rieckh,
2016)], its bulk density etc. decrease below the limit required for
movement” (Barsch, 1996). This type of I-DL inactivity is called dy-
namic inactive. Relict landforms (DDAs), “formerly active landforms in
which ice is vanished” (Scotti et al., 2013), are characterised by: surface
collapse features (Barsch and King 1975 in Janke et al., 2013); subdued
surface micro-relief; less steep front- and lateral-slope(s) (Barsch, 1996;
Baroni et al., 2004), resulting from permafrost degradation; and often
extensive vegetation cover (Scotti et al., 2013).

Finally, in order to account for subjectivity associated with the
identification, digitisation and classification of landforms in the in-
ventory, we detailed the degree of ‘uncertainty’ through the application
of a Certainty Index score, adapted from Schmid et al. (2015), for each
digitised DDA/I-DL (Table 3). Uncertainties in the definition of: (i)
external boundaries (i.e. outline); (ii) snow coverage; (iii) longitudinal
flow structure; (iv) transverse flow structure; and (v) frontal slope were

all recorded. Critically, this approach enables more complete mapping
of DDAs/I-DLs despite occasionally poor satellite image data quality;
for example, Schmid et al. (2015) sampled 4000 ∗ ~30 km2 grids in the
HKH region, of which ~410 samples (~12,300 km2) were classified as
insufficient quality (IQ), where IQ was defined as “poor image quality,
excessive snow or cloud coverage over any part of the sample” and dis-
regarded. Within this study, partially IQ grids are not disregarded, thus
previously unidentified DDAs/I-DLs are mapped within this inventory.

3.2. Estimating hydrological stores

3.2.1. Ice-debris landforms
Estimations of I-DL water content (water volume equivalent [km3])

were calculated based on presumed ice volumes stored within intact I-
DLs (Brenning, 2005b; Azócar and Brenning, 2010; Rangecroft et al.,
2015). I-DL ice volume content was estimated through multiplying es-
timated I-DL thickness and I-DL surface area and then by estimated ice
content. Within this study, I-DL thickness and average ice content are
unknown variables; direct measurements of I-DL internal structure
within the HKH are limited, due to practicalities of field-based research
(e.g., boreholes, geophysical investigations) in largely remote locations
(Janke et al., 2013). Therefore, I-DL thickness was estimated through
applying an empirical rule established by Brenning (2005a) (Eq. (2)), as
applied in existing studies (e.g., Azócar and Brenning, 2010; Perucca
and Esper Angillieri, 2011; Rangecroft et al., 2015; Janke et al., 2017);
however, further research is needed to improve area-thickness re-
lationships (Rangecroft et al., 2015).

Mean thickness m 50 area km2 0 2= ∗I-DL [ ] (I-DL [ ]) . (2)

By definition, I-DLs do not contain 100% ice. Ice content within I-
DLs is spatially heterogenous, therefore estimating water volume
equivalent is challenging due to difficulty in establishing I-DL genesis
[i.e. periglacial origin and glacigenic origin] and subsequent ice depth
and distribution (Seligman, 2009). Few geophysical investigations of I-
DLs have been conducted within the HKH; those that have focus on
quantifying ice presence, opposed to ice content by volume (e.g., Jakob,
1992; Ishikawa et al., 2001). Therefore, here estimated ice volume is
40–60% by volume (Barsch, 1996; Haeberli et al., 1998; Hausmann
et al., 2012), enabling lower, average, and upper estimates to be cal-
culated. Finally, water equivalent volume was calculated assuming an
ice density conversion factor of 0.9 g cm−3 (≡900 kg m−3) (Paterson,
1994).

3.2.2. Ice glaciers
Within this study, we set out to establish the relative contributions

of rock glaciers and ice glaciers in the Nepalese Himalaya, therefore it
was important to be able to compare quantitatively the estimated water
equivalent volumes of rock glaciers vs. ice glaciers. Volume-area (V-A)
scaling relations (e.g., Chen and Ohmura, 1990; Bahr et al., 1997), i.e.
V=cAγ where glacier volume (V) is calculated as a function of surface
area (A) and two scaling parameters (c and γ), are frequently used
approaches for ice volume estimations (Frey et al., 2014). Indeed, V-A

Table 3
Certainty Index applied to each DDA/I-DL.

Parameter Parameter options (index code)

1 point 2 points 3 points

External boundary None (ON) Vague (OV) Clear (OC)
Snow coverage Snow (SS) Partial (SP) None (SN)
Longitudinal flow structure None (LN) Vague (LV) Clear (LC)
Transverse flow structure None (TN) Vague (TV) Clear (TC)
Front slope Unclear (FU) Gentle (FG) Steep (FS)
Certainty Index score Medium certainty (MC) High certainty (HC) Virtual certainty (VC)

≤5 6 to 10 ≥11
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relations have previously been used within rock glacier–ice glacier
comparative studies (e.g., Azócar and Brenning, 2010; Perucca and
Esper Angillieri, 2011; Rangecroft et al., 2015). However, V-A relations,
and thickness-area scaling relations (see Frey et al., 2014), are designed
to estimate the ice volumes of large-sample ensembles (> 20,000
minimum sample-limit [Cogley, 2011]); while suitable for global vo-
lumetric and/or thickness estimations (e.g., Huss and Farinotti, 2012;
Marzeion et al., 2012; Grinsted, 2013), they are less so for smaller-
samples or individual glaciers (Frey et al., 2014).

In the Himalayan-Karakoram region, Frey et al. (2014) report that
V-A relations systematically overestimate ice volumes. Estimated ice
volumes derived from the (Glacier bed Topography) ice-thickness dis-
tribution model (herein GlabTop2) (Frey et al., 2014), a new version of
the GlabTop model (Linsbauer et al., 2009), are lower than results from
V-A relations. Furthermore, direct comparison between GlabTop2 ice-
thicknesses and local ice-thickness measurements derived from ground
penetrating radar show good agreement; validation could not be un-
dertaken for results from V-A relations (Frey et al., 2014). Therefore,
here we use ice-thickness results for Nepal derived from GlabTop2 (Frey
et al., 2014). The glacier outlines mapped by the International Centre
for Integrated Mountain Development (Bajracharya and Shrestha,
2011) and the void-filled SRTM 3 arc-second data (~90 m resolution)
were used for these calculations. Ice volumes were generated from the
results following Eq. (3):

∑= ∗V A H (3)

where V represents ice volume, A the glacier surface area, and H the
ice-thicknesses derived from GlabTop2. Subsequently, we calculated
the water equivalent volume of ice glaciers, assuming 100% ice content
by volume and applying the aforementioned ice density conversion
factor.

3.3. Spatial and statistical inventory analysis

Here, statistical analysis was performed in R (bivariate statistics:
one-way analysis of variance [ANOVA] and post hoc tests). One-way
ANOVA and Tukey post hoc testing were used to investigate relation-
ships and differences between independent qualitative variables (re-
gion, activity status, slope aspect class) and quantitative dependent
variables (MEF, landform area, landform length) with the statistical
significance evaluated at the p≤ 0.05 level. To satisfy the assumptions
of ANOVA tests, i.e. normally distributed population, a logarithmic
transformation was applied to landform area and length. ArcGIS and R
were used to assess the relationship between landform slope aspect and
hillslope aspect frequency for Nepalese mountain slopes.

4. Results

4.1. Inventory analysis

In total, 6239 DDAs/I-DLs were pinned across the Nepalese
Himalaya. The upscaled estimates indicated that 4226 and 2013 land-
forms were classified as intact and relict respectively (Table 4; see Fig.
A.1). Estimated total upscaled DDA/I-DL area is 1371 km2, representing
~31% of the area covered by clean-ice glaciers in the same region
(4426 km2). Overall, 1137 landforms were digitised (Fig. 3; Table 4)
and this detailed subsample covered a total surface area of 249.83 km2.
Most of these landforms, 772 (68%), were classified as intact, covering
196.52 km2, while the remaining 365 (32%) covered 53.31 km2, and
were classified as relict. Ninety-one percent of DDAs/I-DLs were clas-
sified as tongue-shaped. Ninety percent of DDAs/I-DLs were situated
between ~4200 and ~5400 m a.s.l., with the calculated mean MEF of
intact landforms (herein I-DLs; 4977 ± 280 m a.s.l.) at a higher alti-
tude than that of relict landforms (herein DDAs; 4541 ± 346 m a.s.l.)
(Table 4). DDA/I-DL characteristics were analysed regionally and
Nepal-wide. The open-source geodatabase within the Supplementary
Information (Jones, 2017) provides detailed information for the sub-
sampled DDAs/I-DLs. Additionally, the Nepal inventory KML file of
both the pinned landforms (totalling 6239 DDAs/I-DLs) and the de-
tailed subsample (totalling 1137 DDAs/I-DLs) are shared within the
supplementary data.

4.1.1. Landform elevation and distribution
DDAs and I-DLs were situated within an elevation range of 3225 to

5675 m a.s.l. (Fig. 4). Nationally, the mean MEF for DDAs/I-DLs was
4837 ± 365 m a.s.l. (Table 4). Although remotely-based classification
of DDAs/I-DLs has associated limitations, the histogram and boxplots of
MEFs across regions provide indirect qualitative validation of inventory
reliability. Specifically, reported mean MEFs demonstrate that I-DLs
consistently occurred at higher elevations than DDAs (Figs. 4 and 5).

The majority of I-DLs identified are located above 4600 m a.s.l.
(92%), with most situated within the 4800–5200 m a.s.l. (51%) eleva-
tion belt (Fig. 5). Relict landforms (DDAs) cluster predominantly be-
tween 4200 and 4800 m a.s.l. (62%), and 4400–4800 m a.s.l. (43%) in
particular (Fig. 5). Nationally, the mean MEF for all I-DLs was
4977 ± 280 m a.s.l. (Table 4), ranging between 4110 and
5675 m a.s.l. The highest I-DL was located in the Central-west region at
5675 m a.s.l. ([3]NEP1186_1_10-25-2011). The mean MEF for all DDAs
Nepal-wide was 436 m lower than that of I-DLs, at 4541 ± 346 m a.s.l.
(Table 4), with a range of 3225 to 5482 m a.s.l. The highest DDA was
situated in the West region at 5482 m a.s.l. ([4]NEP637_1_10-14-2010).
I-DLs are located at statistically higher MEFs than DDAs at the national
scale (ANOVA: F-value = 513.43, df within groups = 1, between
groups = 1135, p ≤ 0.001); Tukey post hoc testing showed I-DLs were

Table 4
Key mean characteristics for intact and relict landforms.

Region Activity No. of
landforms

(%) MEF
(m a.s.l.)

MaxE
(m a.s.l.)

Length (m) Width (m) Area
(km2)

Aspect No. of landforms
(upscaled)

East (86°34′–88°12′E) Intact 93 58 4893 5076 569 232 0.16 Northwest 492
Relict 66 42 4541 4705 413 200 0.10 Northwest 349

Central (84°56′–86°34′E) Intact 22 36 4791 4997 549 220 0.14 North 128
Relict 39 64 4480 4631 417 206 0.11 Northwest 226

Central-west
(83°18′–84°56′E)

Intact 199 88 5141 5405 743 280 0.25 West 1081
Relict 27 12 4409 4643 595 218 0.16 Northwest 147

West (81°40′–83°18′E) Intact 347 64 4947 5192 829 272 0.29 West 1951
Relict 191 36 4604 4800 557 230 0.16 North 1074

Far-west (80°02′–81°40′E) Intact 111 73 4880 5109 807 262 0.27 Northeast 574
Relict 42 27 4394 4666 662 228 0.18 Northwest 217

Total Intact 772 68 4977 5215 765 266 0.25 West 4226
Relict 365 32 4541 4738 531 221 0.15 Northwest 2013

MEF = minimum elevation at the front; MaxE = maximum elevation of landform.
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situated at statistically higher MEFs than DDAs in all sub-regions, with
the greatest difference seen in the Central-west region (Diff = 732,
p ≤ 0.001) and smallest in the Central region (Diff = 310, p ≤ 0.001).
Fig. 4 shows that the largest MEF elevation spread of I-DLs occurs
within the West region (4110 to 5628 m a.s.l., range = 1518 m), while
that of DDAs occurs within the Far-west region (3225 to 5090 m a.s.l.,
range = 1865 m). The Central region had the smallest elevation range
of both I-DLs (4553 to 5137 m a.s.l., range = 584 m) and DDAs (3968
to 5118 m a.s.l., range = 1150 m).

The spatial distribution of DDAs/I-DLs among the five sub-regions is
also somewhat inhomogeneous; total landform numbers vary from 354
(~6%) in the Central region to 3025 (~48%) in the West region
(Table 4). Available suitable area, i.e. terrain ≥3225 m a.s.l., appears

to be key to DDA/I-DL development and sustainability in the Nepalese
Himalaya. Mountainous terrain ≥3225 m a.s.l. comprises
~43,500 km2 (~27%) of Nepal. Those regions with the largest pro-
portional area ≥ 3225 m a.s.l., correspondingly have the largest pro-
portion of DDAs/I-DLs (Table 5). The overall mean density (n km−2) of
DDAs/I-DLs ranges between 0.09 (Central region) and 0.19 (West re-
gion), with an I-DL mean density of 0.10 and DDA mean density of 0.05
(Table 5). Considering the specific landform area ≥ 3225 m a.s.l., va-
lues are greatest in the West region (4.69 ha km−2) followed by the Far-
west region (3.69 ha km−2) and tend to decrease eastwards, with spe-
cific landform areas below the mean value (3.40 ha km−2) in all re-
maining regions (Table 5).
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4.1.2. Landform aspect
Generally, north-facing slopes dominate the development and for-

mation of DDAs/I-DLs. Forty-four percent of landforms are situated
within north-facing aspects (NW, 15%; NE, 15%; N, 14%), while 17%
have developed on west-facing slopes. Furthermore, taken as a whole,
the mean aspect suggests DDAs/I-DLs are predominantly situated on
north-western ( =X 314°) slopes.

Activity classification of observed landforms shows that I-DLs are
more evenly distributed across aspect classes, while DDAs are pre-
dominantly situated on north- (56%: NW, 21%; N, 19%; NE, 16%) and
west-facing (17%) slopes, with 5 to 9% located in each of the remaining
aspect classes (Fig. 6a). I-DLs within the inventory show a mean aspect
of 288°, with a circular variance of 0.13. Circular variance, defined as

= −CV 1 R where the quantity R is the mean resultant length, in-
dicates the dispersion of individual values around the mean, ranging
between 0 and 1; values close to 1 suggest low dispersion (Davis, 2002:
p. 321). DDAs show a mean aspect of 333°, with a circular variance of
0.34, therefore exhibit comparatively less dispersion than I-DLs. Re-
gionally, with the exception of the Central-west region, a greater pro-
portion (%) of I-DLs are situated within the northern- compared to the
southern-quadrant (Table 6; Fig. 6b–f). DDAs within all regions are
predominantly situated within the northern quadrant (48 to 69%)
compared to the southern quadrant (13 to 29%) (Table 6; Fig. 6b–f).

Taken as a whole, landforms situated within the northern aspect
quadrant occur at consistently lower elevations compared to DDAs/I-
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Table 5
DDA/I-DL proportion, proportional area ≥3225 m a.s.l., DDA/I-DL density and DDA/I-DL specific area across the sub-regions of Nepal. Where appropriate, values are reported to two
decimal places.

East
(86°34′–88°12′E)

Central
(84°56′–86°34′E)

Central-west
(83°18′–84°56′E)

West
(81°40′–83°18′E)

Far-west
(80°02′–81°40′E)

DDA/I-DL proportion 13% 6% 20% 48% 13%
Proportional area ≥ 3225 m a.s.l. 14% 10% 25% 39% 13%
Density (n km−2)a 0.15 0.09 0.12 0.19 0.15
Specific area (ha km−2)b 2.01 1.11 2.92 4.69 3.69

a Density (n km−2) was calculated by considering the regional area ≥ 3225 m a.s.l. (MEF of lowest observed landform).
b Specific area (ha km−2) where ‘ha’ reflects DDA/I-DL area, was also calculated by considering the regional area ≥3225 m a.s.l. The upscaled results were used within calculations of

both density and specific area.
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DLs located within the southern aspect quadrant (Figs. 7, 8 and 9a).
This altitudinal mismatch ranges between 25 m (Far-west region) to
307 m (West region) ( =X 240 m), and is reflected within both I-DLs and
DDAs at =X 166 m and =X 152 m, respectively. Regionally, with the
exception of the Far-west region where both I-DLs ( =X 5 m) and DDAs

( =X 81 m) situated within the southern quadrant occur at lower eleva-
tions, all regions reflect this observation.

Nationally, ANOVA showed statistically significant differences be-
tween aspect class and DDA/I-DL MEF (F-value = 17.94, df within
groups = 7, between groups = 1129, p ≤ 0.001). Tukey post hoc
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testing confirms that DDAs/I-DLs situated within the northern aspect
quadrant and western slope aspects, occur at statistically lower MEFs
than those found within the southern aspect quadrant and east slope
aspects (Fig. 8).

Slope aspect appears to have little influence on landform size
(Fig. 9b), and no significant difference was found (ANOVA: F-
value = 0.79, df within groups = 7, between groups = 1097,
p = 0.597). Both DDA and I-DL mean size is largest on east-facing
slopes. Indeed, the largest I-DL encompassing 3.55 km2 is located on a
south-facing slope ([4]NEP74_2_12-22-2011). Slope aspect appears to
affect areal distribution (Fig. 9c). DDA total area in the northern
quadrant, ~30 km2, is greater than that in the southern quadrant,
~10 km2. In contrast, the pattern of I-DL total area is relatively
homogenous across aspect classes, with two exceptions; the peak and
trough in west and southeast aspect classes respectively (Fig. 9c).
Fig. 10a demonstrates that the frequency of hillslope aspects
≥3225 m a.s.l. in the Nepalese Himalaya are relatively uniform,
whereas Fig. 10b reaffirms the relative dominance of the northern and
west aspect classes.

4.1.3. Landform morphology
The predominant geometry type (see Section 3.1.2) of landforms in

the inventory was tongue-shaped (91%), a proportion reflected by both
DDAs and I-DLs (91% and 90%, respectively). Landforms>1 km in
length form ~16% of the observed DDAs/I-DLs, examples of which are
apparent in all five sub-regions. Remaining landforms were all< 1 km
long; overall mean length was 690 ± 519 m, while I-DL and DDA
mean length was calculated to be 765 ± 569 and 531 ± 343 m

respectively (Table 4). I-DL mean length was longest in the West region
(X = 829 ± 610 m) and shortest in the Central region
(X = 549 ± 264 m), while DDA mean length was longest in the Far-
west region (X = 662 ± 359 m) and shortest in the East region at
413 ± 203 m (Table 4).

Median values (as opposed to means) are reported in order to
analyse spatially the landform length, since this variable is not normally
distributed and exhibits large standard deviations. Across Nepal, the
median landform length of I-DLs (615 m) is greater than that of DDAs
(442 m); this pattern is reflected within all sub-regions (Fig. 11a). Ad-
ditionally, the median length of both I-DLs and DDAs generally in-
creases from east to west (Fig. 11a). Indeed, landform length differed
statistically significantly between regions (ANOVA: F-value = 13.42, df
within groups = 4, between groups = 1132, p ≤ 0.001).

Tukey post hoc testing of I-DL length (ANOVA: F-value = 5.61, df
within groups = 4, between groups = 767, p ≤ 0.001) showed that
landforms in the western regions exhibit statistically greater lengths
than those in the East region; the West region (p≤ 0.001) and Far-west
region (p= 0.010). Similarly, DDAs (ANOVA: F-value = 6.33, df
within groups = 4, between groups = 360, p ≤ 0.001) towards wes-
tern Nepal are also significantly longer than those situated in eastern
Nepal; the Central-west- (p = 0.043), West- (p = 0.001) and Far-west-
regions (p = 0.030) DDAs are statistically longer than in the Central
region, while those situated in the West region (p = 0.001) and Far-
west region (p= 0.037) are statistically longer than those of the East
region. Indeed, the longest observed landform, measuring 4686 m ([5]
NEP207_1_11-18-2012), is situated within the Far-west region.

In total, the DDA/I-DL subsample covers 249.83 km2 of the

Table 6
Regional aspect classification of DDAs and I-DLs into north- (292.5 to 67.5°) and south- (112.5 to 247.5°) facing aspect quadrants.

Activity Aspect quadrant Region

East (86°34′–88°12′E) Central (84°56′–86°34′E) Central-west (83°18′–84°56′E) West (81°40′–83°18′E) Far-west (80°02′–81°40′E)

Intact North (NW, N, NE) 41% 55% 33% 39% 45%
South (SW, S, SE) 35% 23% 39% 32% 29%

Relict North (NW, N, NE) 48% 69% 56% 57% 52%
South (SW, S, SE) 24% 13% 22% 17% 29%
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Fig. 7. Scatterplot of mean aspect (°) against MEF showing the distribution of intact and relict landforms Nepal-wide. The two dashed lines are 3rd order polynomial fit (upper line: intact
landforms; lower line: relict landforms).
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Nepalese Himalaya. Furthermore, upscaled estimates total 1371 km2

throughout Nepal, with regional total upscaled estimates ranging be-
tween 43.86 and 731.82 km2 in the Central- and West-region respec-
tively. Individually, digitised landform area varies between 3.55 and
0.005 km2, with 719 (~63%) landforms ≥0.1 km2 in area. Both the
largest I-DL and DDA are situated within the West region (3.54 km2 and
1.50 km2, respectively). Nepal-wide mean landform area was reported
at 0.22 ± 0.30 km2 and median at 0.13 km2. There are no DDAs/I-
DLs> 1 km2 in the Central region.

Similar to landform length, regional mean DDA/I-DL area values
exhibit large standard deviations and are not normally distributed, thus
median values are reported. Overall, median landform area ranges
between 0.10 and 0.16 km2 and generally increases for both DDAs and
I-DLs from east to west (Fig. 11b). Furthermore, ANOVA showed sta-
tistically significant differences between regions and landform area (F-
value = 12.21, df within groups = 4, between groups = 1132,
p ≤ 0.001). Tukey post hoc testing of I-DL area (ANOVA: F-
value = 6.13, df within groups = 4, between groups = 767,
p ≤ 0.001) showed that values in the Central-west- (p= 0.034), West-
(p ≤ 0.001) and Far-west-region (p= 0.013) were statistically larger
than the East region. DDAs (ANOVA: F-value = 3.90, df within
groups = 4, between groups = 360, p= 0.004) in the East region were
also found to be statistically smaller than in other regions; the West
region (p = 0.032) and Far-west region (p = 0.043). Conversely, pre-
vious work reported the opposite, with landform area in the Nepalese
Himalaya decreasing from east to west (Regmi, 2008); however, this
study focused on five relatively small-scale study areas across Nepal
totalling 1654 km2.

4.2. Water equivalent volumes

Subsample I-DL thickness estimates ranged between ~19 and
~64 m (mean = ~35 m; Section 3.2.1). Resulting subsample I-DL ice
content was estimated to be between 3.35 and 5.03 billion m3; upscaled
I-DL ice content was estimated to be 22.99 ± 0.60 billion m3

(Table 7).
The results in Table 7 show that the subsample of I-DLs is estimated

to contain a total water equivalent volume of 3.81 ± 0.84 km3

throughout Nepal. The reported upscaled estimates suggest total water
volume equivalents of 20.90 ± 4.18 km3 could reasonably be stored
within I-DLs throughout Nepal (see Fig. A.1). Henceforth, I-DL volu-
metric results will reflect the format subsample result (upscaled result).
Regionally, I-DLs within the Central region have been estimated to
contain the smallest water volume equivalents, storing between 0.04
and 0.06 km3 (0.23–0.35 km3) of water. The East- and Far-west-regions
store 0.25 ± 0.05 km3 (1.31 ± 0.27 km3) and 0.58 ± 0.12 km3

(2.99 ± 1.60 km3) of water respectively, while I-DLs situated within
the Central-west region contain frozen hydrological stores between
0.85 and 1.27 km3 (4.19–6.29 km3). In the West region, I-DLs contain
the largest regional estimated water volume equivalent, 1.57
to2.36 km3 (8.85–13.27 km3), more than double the stores within the
Central-west region.

GlabTop2 provides estimated ice glacier thicknesses ranging be-
tween ~4 and ~454 m (mean = ~49 m; Section 3.2.2) within Nepal,
with total ice volume estimated to be ~219.59 billion m3. On average,
I-DLs within the Nepal Himalaya contain 3.81 km3 (20.90 km3) of
water, whereas ice glaciers store 197.63 km3 (Tables 7 and 8). This
translates to a ratio of I-DL to ice glacier water volume equivalence of
1:52, indicating that ice glaciers store a volume of water ~52 times
larger than I-DLs. This ratio reduces to 1:9, where upscaled I-DL water
volume equivalents are considered. Regionally, the I-DL to ice glacier
water volume equivalent ratio is lowest within the West region, 1:17
(1:3), where I-DLs contain 1.97 km3 (11.06 km3) of water compared to
33.67 km3 stored within ice glaciers. Furthermore, regions west of
84°56′E have lower ratios (Central-west, 1:73 [1:13]; Far-west, 1:26
[1:5]) than those in the East- and Central-regions of Nepal. In the East
region, I-DLs contain 0.25 km3 (1.31 km3) of water, yet 53.17 km3 re-
sides within ice glaciers, resulting in an I-DL to ice glacier water volume
equivalence ratio of 1:214 (1:40). The highest I-DL to ice glacier water
volume equivalence ratio, 1:517 (1:89), aligns with the region con-
taining the fewest number of I-DLs and smallest water volume
equivalent – the Central region (0.05 km3 [0.29 km3]); ice glacier water
volume equivalent in this region is estimated to be 25.86 km3.

−400 −200 0 200 400

West−Southwest

West−Southeast

Southwest−Southeast

West−South

Southwest−South

Southeast−South

West−Northwest

Southwest−Northwest

Southeast−Northwest

South−Northwest

West−Northeast

Southwest−Northeast

Southeast−Northeast

South−Northeast

Northwest−Northeast

West−North

Southwest−North

Southeast−North

South−North

Northwest−North

Northeast−North

West−East

Southwest−East

Southeast−East

South−East

Northwest−East

Northeast−East

North−East

−300 −100 100 300

Differences in mean levels of aspect class

Fig. 8. Tukey post hoc pairwise comparisons of landform MEF as a function of slope aspect class. The plotted lines represent the lower and upper level of the 95% confidence interval
around the mean difference (black: statistically significant; red: non-statistically significant). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

D.B. Jones et al. Global and Planetary Change 160 (2018) 123–142

133



4.3. Inventory validation

Certainty Index scores, listed in order of occurrence, for the sub-
sample are: high certainty (~82%), virtual certainty (~11%) and medium
certainty (~6%). I-DLs dominate the ‘virtual certainty’ category (96%),

while DDAs have a proportionally larger presence in the ‘medium cer-
tainty’ category (63%). This is to be expected. As the geomorphic in-
dicators used to identify DDAs/I-DLs are a surficial expression of the
presence of abundant ice (Table 1), relict features (DDAs) or those
transitioning towards relict activity status exhibit less well-defined
morphological characteristics, and thus increased uncertainty with re-
gards to: (i) clear external boundaries (i.e. outline); (ii) distinct long-
itudinal flow structure; (iii) distinct transverse flow structure; and (iv)
steepness of the frontal slope. To better understand inventory un-
certainty, there is a need for further inventory validation beyond those
measures (i.e. Certainty Index) already in place.

4.3.1. Comparison with the Permafrost Zonation Index
Rock glaciers, as the most conspicuous morphological manifestation

of permafrost in high mountain systems (Barsch, 1996), have previously
been utilised for the estimation of permafrost distribution (Janke, 2005;
Sattler et al., 2016; Deluigi et al., 2017; Esper Angillieri, 2017). The
Global Permafrost Zonation Index (PZI), based on a simple global model
with a spatial resolution of ~1 km, is an index that helps to consistently
constrain and visualise areas of likely permafrost occurrence (Gruber,
2012). In the HKH region, Schmid et al. (2015) reported good agree-
ment between the PZI and mapped rock glaciers; therefore, here we
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function of slope aspect.

NW N NE E SE S SW W

F
r
e
q
u
e
n
c
y
x
1
0
4

0
2
0
0

4
0
0

6
0
0

NW N NE E SE S SW W

F
r
e
q
u
e
n
c
y

0
5
0

1
0
0

1
5
0

(b)

(a)

Fig. 10. Analysis of hillslope aspect for landforms in the inventory: (a) frequency of
hillslope aspects for all mountain slopes (≥3225 m a.s.l.) for each pixel in the Nepalese
Himalaya; and (b) frequency of aspect classes for observed landforms in the Nepalese
Himalaya.

D.B. Jones et al. Global and Planetary Change 160 (2018) 123–142

134



compare the spatial distribution of subsample within Nepal to the PZI.
Overall, only ~4% of the DDA/I-DL subsample reaches areas out-

side of the PZI boundary; thirty-one relict landforms and 13 intact
landforms (Fig. 12a). PZI values ≥0.1 form the permafrost region (PR),
with PZI< 0.1 attributed to the PZI fringe of uncertainty – “the zone of
uncertainty over which PZI could extend under conservative estimates”
(cf. Table 1 in Gruber, 2012). Here, ninety-nine landforms, pre-
dominantly DDAs (82%), are situated within the PZI fringe of un-
certainty. Thus, 87% of the DDA/I-DL subsample was situated within
the PR; 96% and 69% of I-DLs and DDAs respectively. Additionally,
with increasing ‘habitat suitability’ for DDA/I-DL development and
sustainability, i.e. towards PZI = 1, we report largely concurrent in-
creases in I-DL frequency and vice versa for DDAs (Fig. 12a). Further-
more, Fig. 12b reflects the spatial distribution of total landform area as
a function of PZI values and suggests a strong relationship between
DDA/I-DL habitat suitability and total landform area. Regarding Cer-
tainty Index scores, those landforms categorised as high certainty and
virtual certainty cluster around PZI values ≥0.6 (~56% and ~71%,
respectively). DDAs/I-DLs categorised as medium certainty cluster
around PZI values ≤0.3 (59%), which may reflect the less well-defined
morphological characteristics of landforms – relict features or those
transitioning towards relict activity status – containing lower ice vo-
lumes. Based upon this summary evaluation, both the DDA/I-DL iden-
tification and mapping, and classification of activity status are in good
agreement with the PZI. Additionally, several rock glaciers in the
Khumbu region were also validated in the field.

5. Discussion

5.1. Landform distribution and morphology

This Nepalese rock glacier inventory identified>6000 landforms,
from which a randomly selected subsample (n = 1137) was digitised,
772 intact- and 365 relict-landforms. The inter-regional MEF of ob-
served landforms was rather inhomogeneous (Fig. 4), however, regional
minimum MEFs, both for DDAs and I-DLs, reflect the trend of reduced
MEF from east to west reported in earlier work (Regmi, 2008). Digitised
DDAs and I-DLs were situated within an elevation range of
3225–5675 m a.s.l., broadly consistent with that reported for the HKH
(3500–5500 m a.s.l.) (Schmid et al., 2015). Onaca et al. (2017) report
that rock glaciers in the highest mountain ranges are comparatively
larger than those in lower mountain ranges, as the duration of their
activity lasted longer in the former. In the Nepalese Himalaya, many
landform lengths are similar to the largest examples of rock glaciers
found elsewhere, including the Karakoram Himalaya where many ex-
ceed 2 km, and some as much as 4 km (Hewitt, 2014: p. 276). The
Chon-Aksu (Kalgan Tash, Tien Shan) and Karakoram rock glaciers, for
example, are reported to be 3.2 and 3.7 km in length respectively
(Bolch and Gorbunov, 2014). Additionally, rock glacier area
(X = 0.22 km2) exceeds that of rock glaciers in other mountain ranges
(cf. Jones et al., in review). Direct conversion of specific landform area
(ha km−2) to specific landform density (%) enables comparison with
previous studies. At 3.40%, specific landform density within Nepal is
higher than other studies in Central Asia; for example, ~1.50% in the
Northern Tien Shan (Kazakhstan/Kyrgyzstan) (Bolch and Gorbunov,
2014) and 2.65% in the Zailyiskiy and Kungey Alatau (Kazakhstan/
Kyrgyzstan) (Bolch and Marchenko, 2006). However, even higher
densities have been reported in the Andes of Santiago (6.70%) and
Andes of Mendoza, Chile (5.00%, Brenning, 2005a), and Turtmanntal,
Swiss Alps (4.00%, Nyenhuis et al., 2005).

Rock glacier ‘habitats’ are typically situated in regions with high
elevation, low mean annual air temperature and mainly low pre-
cipitation (Barsch, 1977; Haeberli, 1983; Baroni et al., 2004); condi-
tions characteristic of the Nepalese Himalaya. At the regional-scale,
precipitation and temperature climatically control rock glacier
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Table 7
Ice volume (km3) and corresponding water volume equivalents (km3) for both the sub-
sample and upscaled I-DLs, regionally and Nepal-wide (total). These calculations en-
compass a range of ice content by volume estimates with a lower (40%), average (50%)
and upper (60%) bound. Values are reported to two decimal places.

Region Ice content by
volume

Subsample I-DLs Upscaled I-DLs

Ice
volume
(km3)

WVEQ
(km3)

Ice
volume
(km3)

WVEQ
(km3)

East
(86°34′–88°12′E)

Lower 40% 0.22 0.20 1.16 1.05
Average 50% 0.27 0.25 1.45 1.31
Upper 60% 0.33 0.30 1.73 1.58

Central
(84°56′–86°34′E)

Lower 40% 0.04 0.04 0.26 0.23
Average 50% 0.05 0.05 0.32 0.29
Upper 60% 0.07 0.06 0.38 0.35

Central-west
(83°18′–84°56′E)

Lower 40% 0.85 0.77 4.61 4.19
Average 50% 1.06 0.96 5.76 5.24
Upper 60% 1.27 1.16 6.91 6.29

West
(81°40′–83°18′E)

Lower 40% 1.73 1.57 9.73 8.85
Average 50% 2.16 1.97 12.17 11.06
Upper 60% 2.60 2.36 14.60 13.27

Far-west
(80°02′–81°40′E)

Lower 40% 0.51 0.46 2.63 2.39
Average 50% 0.64 0.58 3.29 2.99
Upper 60% 0.76 0.69 3.95 3.59

Total Lower 40% 3.35 3.05 18.39 16.72
Average 50% 4.19 3.81 22.99 20.90
Upper 60% 5.03 4.57 27.59 25.08

WVEQ = water volume equivalent.
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distribution; the former is dependent on elevation and aspect
(Rangecroft et al., 2014).

The 0 °C isotherm of mean annual air temperature (MAAT) and the
equilibrium line altitude (ELA) form the lower- and upper-bounds re-
spectively, of I-DL development (Humlum, 1988; Brenning, 2005a;
Rangecroft et al., 2014; Rangecroft et al., 2016). The mean MEF dif-
ference between intact and relict landforms, therefore, reflects an up-
ward shift (~436 m) of the 0 °C isotherm of MAAT over time. Across the
Nepalese Himalaya, precipitation contributions decrease from east to
west and from south to north (Kansakar et al., 2004), for instance, re-
gions north of high mountains are particularly arid (< 500 mm year−1)
compared to regions located on the windward side (Böhner et al., 2015
as cited in Karki et al., 2017). Furthermore, the lowest precipitation
amounts are reported in Mustang, Manang and Dolpa
(< 150 mm year−1), situated in the leeward side of the Annapurna
Range (Karki et al., 2017). In response to increasing continentality, the
ELA increases, expanding the rock glacier niche (e.g., Rangecroft et al.,
2014). Barsch and Jakob (1998) note that rock glaciers occur less fre-
quently in subtropical mountain ranges associated with monsoon-
dominated climates. In these zones, low snow lines and low ELAs result
in extensive glaciation and thus restrict the niche appropriate for rock
glacier development. Indeed, the largest and smallest ranges of DDA/I-
DL MEFs occur in the West- and Central-regions respectively (Fig. 4),
and DDA/I-DL spatial density reflects this trend, with higher values
towards the west of Nepal (Table 5). An inverse relationship is apparent
between DDA/I-DL occurrence and precipitation, where high DDA/I-DL
spatial densities are coupled with drier conditions. Similar assertions
have been made for the European Alps (Boeckli et al., 2012). It should
be noted, however, that under future warming the 0 °C isotherm may
move closer to, or above, mountain summits (Azócar and Brenning,
2010). The resulting smaller rock glacier niche, therefore, potentially
leads to decreased frequency in intact landforms and vice versa re-
garding relict landforms (Krainer and Ribis, 2012).

In the Nepalese Himalaya, analysis of observed landforms as a
function of slope aspect confirms that DDAs/I-DLs situated within the
north- to west-aspect classes, occur at lower MEFs than those found
within the south- to east-aspect classes (Fig. 8), corroborating findings
from prior northern hemispheric studies which have found similar re-
lationships (e.g., Seppi et al., 2012; Scotti et al., 2013). Furthermore,
this finding is in agreement with previous work in the Kangchenjunga
Himal, eastern Nepal, where the lowermost occurrences of rock glaciers
were reported to vary from 4800 m a.s.l. on northern slope aspects to
5300 m a.s.l. on south- to east-facing slopes (Ishikawa et al., 2001).
Therefore, northerly- and westerly-aspects with their reduced insola-
tion, enable rock glacier formation and preservation at lower MEFs than
other aspects (Fig. 7). Furthermore, northerly aspects favour DDA/I-DL
occurrence (Table 6), although there was no significant difference in

Table 8
Regional and Nepal-wide area (km2) and associated water volume equivalents (km3) for I-DLs (subsample and upscaled) and ice glaciers. Additionally, the I-DL to ice glacier ratios are
directly compared. I-DL water volume equivalents assume the 50% (average) ice content by volume. Values are reported to two decimal places.

Region Regional area (km2) Ice-debris landform Ice glacier Ratio: I-DL: Ice glacier WVEQ

Subsample WVEQ (km3) Upscaled WVEQ (km3) Area (km2) WVEQ (km3) Subsample ratio Upscaled ratio

East ~26,000 0.25 1.31 1013.82 53.17 1:214 1:40
Central ~40,000 0.05 0.29 589.63 25.86 1:517 1:89
Central-west ~30,000 0.96 5.24 1585.47 69.98 1:73 1:13
West ~26,500 1.97 11.06 850.14 33.67 1:17 1:3
Far-west ~25,000 0.58 2.99 386.89 14.95 1:26 1:5
Total ~147,500 3.81 20.90 4425.96 197.63 1:52 1:9

Fig. 12. Analysis of the DDA/I-DL subsample in relation to the Permafrost Zonation Index
(PZI) for: (a) number of landforms; and (b) the total landform area. Pale colours represent
intact (I-DL) landforms and intense colours indicate relict (DDA) landforms; bars are
stacked. Regarding the PZI, see Gruber (2012) for further information.
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landform frequency between aspects. Indeed, our results differ from
previous inventories in the northern hemisphere (e.g., Barsch, 1996;
Guglielmin and Smiraglia, 1997; Baroni et al., 2004) in which observed
landforms cluster within the northern quadrant, with< 10% situated in
the remaining aspect classes; here, south-facing slopes account for 29%
(SW, 13%; S, 10%; SE, 6%) of observed landforms. Although elevation
[temperature] is important in determining landform area, no correla-
tion was observed between MEF and DDA/I-DL length (r =−0.04) or
area (r = −0.09). Climatic controls, therefore, only partially explain
DDA/I-DL characteristics and distribution.

In addition to climatic conditions, key controls on rock glacier
characteristics and distribution include: (i) glacial history (past- and
modern-glaciations); and (ii) talus supply (Brenning, 2005a; Johnson
et al., 2007). Topographic controls influence rock glacier form and
distribution as local terrain, topoclimates and avalanche dynamics may
override large-scale climatic- or altitudinal-drivers (Humlum, 1998;
Janke, 2007). In the high and deeply incised Himalayas (Scherler et al.,
2011), an abundance of steep rock walls associated with glacier-cirques
(melted out) and over-deepened valley sides, provides suitable catch-
ment areas for rock glacier development and, combined with intense
monsoonal precipitation and tectonic activity, drives sediment trans-
port processes (Barsch and Jakob, 1998). For example, within Central
Asia, suggested explanations for rock glacier presence and absence in
adjacent valleys of the northern Tien Shan, relate to large earthquake-
driven rock avalanches or other mass movements (Gorbunov 1983 in
Bolch and Gorbunov, 2014). It is important that lithology, a critical
control for talus supply to ice- and rock-glacier surfaces (Haeberli et al.,
2006), is evaluated with respect to the above. Unfortunately, high-
quality lithological data for the Nepalese Himalaya were not available
for use in this study.

5.2. Ice-debris landform water content

Results from the Nepalese Himalaya indicate that I-DLs may act as
hydrologically valuable long-term water stores. Studies that consider
rock glacier water volume equivalents are limited in number, particu-
larly in Central Asia (Jones et al., in review). Therefore, our estimates
are compared to study regions further afield. I-DLs forming the sub-
sample in the Nepalese Himalaya are estimated to store the water vo-
lume equivalent of 3.05 to 5.03 km3, and between 16.72 and 25.08 km3

when considering upscaled estimates; significantly greater than esti-
mates for other regions, for instance, the Chilean Andes (Azócar and
Brenning, 2010), Bolivian Andes (Rangecroft et al., 2015), and the
Argentinean Andes (Perucca and Esper Angillieri, 2011). In Chile
(27°–33°S), Azócar and Brenning (2010) found 147.5 km2 of rock gla-
ciers, estimated to store the water equivalent of 2.37 km3 - exclusive of
our estimates, the largest water volume equivalent estimation. Overall,
the upscaled national ratio of I-DL to ice glacier water volume
equivalent is 1:9 (Table 8), suggesting that as water stores I-DLs in the
Nepalese Himalaya are of relatively greater importance than those of
the Bolivian Andes, 1:33 (Rangecroft et al., 2015) and the European
(Swiss) Alps, ~1:83 (Brenning, 2005a).

However, evaluating the relative hydrological significance of I-DL
water volume equivalents with respect to other water stores (e.g., ice
glaciers) at the regional-scale vs. the national-scale, provides important
information for effective water resource management, particularly in
terms of climate change adaptation strategies. Table 8, for instance,
shows large inter-regional variability of I-DL water volume equivalents.
In the Nepalese Himalaya, both the estimated volumetric ice content
and spatial landform density (4.69%) were greatest within the West
region, and therefore I-DLs situated in this region have the most po-
tential as water sources. Conversely, volumetric ice content of I-DLs
found in the Central region was the lowest in the Nepalese Himalaya.
Rangecroft et al. (2015) suggest that through investigating these inter-
regional differences in the context of both natural- and anthropogenic-
external factors (e.g., population levels and alternate water sources),

the hydrological significance of I-DL frozen water storage can be better
understood.

5.2.1. Ice-debris landform hydrological significance
Across the Nepalese Himalaya, upscaled estimates of I-DL frozen

water stores range between 0.29 and 11.06 km3 (Tables 7 and 8), with
greater volumes found towards the west. I-DLs of the East- and Central-
regions stored the lowest amounts of water (1.4% and 6.3% of total
estimated I-DL water volume equivalent, respectively), yet with a
combined population of ~15.5 million people (~58% of the Nepalese
population), these regions are the most densely populated in Nepal
(Central Bureau of Statistics, 2014).1 Within these regions, I-DL to ice
glacier water volume equivalent ratios in Table 8 show clearly that I-
DLs contribute significantly less to regional water supply than ice gla-
ciers. Central region estimated I-DL water storage is comparable to rock
glaciers of the Chilean Andes (27°–29°S), which contain 0.35 km3

(Azócar and Brenning, 2010), although the relative abundance of other
water sources in the Central region, Nepal, suggests I-DLs have lower
relative importance than their counterparts in the Chilean Andes
(ratio = 1:2.7 [Azócar and Brenning, 2010]). However, we hypothesize
that I-DLs will become relatively more important compared to ice gla-
ciers, with continued ice- and debris-covered-glacier mass loss in re-
sponse to climate change in this region (e.g., Bolch et al., 2012; Kaab
et al., 2012; Nuimura et al., 2012; Gardelle et al., 2013; King et al.,
2017).

I-DLs are thermally decoupled from external micro- and meso-cli-
mates due to the insulative effect of the active layer (Humlum, 1997;
Bonnaventure and Lamoureux, 2013; Gruber et al., 2016). Conse-
quently, the response of I-DLs to climate change occurs at decadal time
scales, comparatively longer than ice glaciers (Haeberli et al., 2006).
Therefore, I-DLs are more climatically resilient than ice glaciers (Millar
and Westfall, 2008). Indeed, while I-DL MEFs are often strongly asso-
ciated with the 0 °C isotherm of MAAT (e.g., Sorg et al., 2015;
Rangecroft et al., 2016), examples of I-DLs with positive MAATs have
been reported (e.g., Baroni et al., 2004).

Climate-driven deglaciation resulting in the transition from glacial-
to paraglacial-dominated process regimes in high mountain systems, for
instance, the High Himalaya (Harrison, 2009), may subsequently in-
crease ice glacier surface insulation through enhanced debris-supply
(e.g., enhanced rock slope failure), preserving frozen water stores as ice
glaciers transition to rock glacier forms (Knight and Harrison, 2014).
While few studies have reported the ice- to rock-glacier transition,
Monnier and Kinnard (2015) report an example in the Juncal Massif,
Chilean central Andes, where the lower-section of the Presenteseracae
debris-covered glacier has developed distinctive rock glacier mor-
phology during the previous 60 years. Hillslope-erosion rates and hill-
slope angle usually increase concomitantly (Ouimet et al., 2009), with
increased debris flux to glacier surfaces and therefore formation of
debris-covered glaciers linked to steep (> 25°) accumulation areas;
topographic characteristics typical within the high and deeply incised
Himalayas (Scherler et al., 2011). Indeed, Himalayan debris-covered
glaciers commonly have thick debris cover (> 1 m) (Shroder et al.,
2000; Nicholson and Benn, 2013). Steady-state talus-nourishment rates
to: (i) feature rooting zones encourage rock glacier growth (Bolch and
Gorbunov, 2014) and restricts rock glacier starvation (Kellerer-
Pirklbauer and Rieckh, 2016); and (ii) glacier surfaces encourages ice-
to rock-glacier transition.

I-DLs situated in the Central-west- and West-regions contained the
highest amounts of water (25.1% and 52.9% of total estimated I-DL
water volume equivalent, respectively) according to our modelling re-
sults. In the West region, I-DLs have the highest relative importance as
water stores compared to ice glaciers of all regions within the Nepalese

1 The five geographic sectors used within this study approximately align with the de-
velopment regions used by the Central Bureau of Statistics (2014).
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Himalaya, with an I-DL to ice glacier water volume equivalence ratio of
1:3 (Table 8). This ratio is larger than that of the Sajama region, Bolivia
(17°–18°S) (Rangecroft et al., 2015) and the Andes of Santiago, Chile
(Brenning, 2005a), both with a ratio of 1:7, but of lower importance
than in the Semi-arid Chilean Andes (29°–32°S) where rock glaciers are
dominant with a ratio of 3:1 (Azócar and Brenning, 2010). Monsoonal
precipitation (June–September) dominates annual precipitation
(Shrestha et al., 2000; Karki et al., 2016), with contributions decreasing
from east to west and from south to north (Kansakar et al., 2004).
Consequently, as a result of substantial projected long-term glacial mass
losses in response to climate warming (Bolch et al., 2012; Jiménez
Cisneros et al., 2014; Huss and Hock, 2015; Shrestha et al., 2015), very
low precipitation amounts, and limited investment in water resources
infrastructure in mountainous regions (Bartlett et al., 2010, p. 18), we
hypothesize that the hydrological value of I-DL water stores towards the
west of Nepal, including the Central-west region (1:13), may be of
greater importance than the I-DL to ice glacier water volume equivalent
ratio initially suggests.

5.2.2. Further considerations and future research
Whereas much has been written on the role of ice glaciers in

maintaining water supplies (Bradley et al., 2006; Vuille et al., 2008),
that of rock glaciers has received comparatively little attention (Duguay
et al., 2015). Rock glacier hydrology, however, is highly complex given:
“various possible inputs and outputs; phase changes and movement of
water associated with the active layer; irregular distribution of frozen
matrix that allows convoluted pathways for water flow; and deep cre-
vices into which water disappears, among other complicating factors”
(Burger et al., 1999). As a “porous medium that functions as an aquifer
having recharge, discharge, through-flow characteristics, and storage”
(Burger et al., 1999), ‘storage’ in rock glaciers occurs at long-term, in-
termediate term, and short-term timescales (Fig. 13). Within the Nepalese
Himalaya, we have shown that I-DLs form long-term stores of frozen
water of significant hydrological value; however, the total I-DL water
volume equivalents calculated here may not be fully representative of
readily available water for human consumption (Duguay et al., 2015;
Rangecroft et al., 2015). Importantly, rock glacier hydrological sig-
nificance relates not solely to the long-term storage of frozen water, but
also to: (i) the seasonal storage and release of water; and (ii) the in-
teraction of water flowing through or beneath rock glaciers.

Regarding (i), comparative studies focused on rock glacier- vs. ice

glacier-discharge are particularly few in number (Geiger et al., 2014).
Within this small body of literature, contrasting perspectives have
emerged with regards to the relative significance of rock glacier-derived
hydrological contributions, particularly compared to other water
sources. Previous studies have reported more consistent discharge from
rock glaciers in comparison with ice glaciers (Potter, 1972; Corte, 1987;
Gardner and Bajewsky, 1987; Bajewsky and Gardner, 1989). Ad-
ditionally, rock glacier discharge patterns ‘mimic’ those of ice glaciers
(Krainer and Mostler, 2002; Geiger et al., 2014), although at sig-
nificantly lower magnitude (Geiger et al., 2014). Others (e.g., Falaschi
et al., 2014) report rock glacier hydrological contributions to down-
stream-runoff are significant; however, these conclusions are based on
non-quantitative data (Duguay et al., 2015). Discharge may originate
from a single source or multiple sources (e.g., ground ice degradation,
ground water discharge near the toe, precipitation events, through-flow
of upstream ice- and/or snowpack-derived meltwater) (Burger et al.,
1999). Indeed, a negligible or non-measurable contribution of ground
ice degradation to discharge has been reported (Cecil et al., 1998; Croce
and Milana, 2002; Krainer and Mostler, 2002; Krainer et al., 2007),
corroborated by the predominant absence of springs near to the rock
glacier toe (i.e. the base of the front slope) in semi-arid regions
(Pourrier et al., 2014). However, it is plausible that rock glacier waters
may drain directly underground (Pourrier et al., 2014). Discharge-re-
lated studies are predominantly focused upon present opposed to po-
tential future rock glacier-derived hydrological contributions; there-
fore, the hydrological significance of rock glaciers is defined according
to a limited time-scale. At decadal and longer time-scales, under future
climate warming, thawing of ground ice within rock glaciers may re-
present an increasing hydrological contribution to downstream regions
(Thies et al., 2013). Therefore, we support previous studies (e.g.,
Duguay et al., 2015) and suggest further quantitative data is required,
while field methodologies enabling separation of rock glacier-derived
discharge from adjacent water sources are necessary.

Regarding (ii), rock glaciers can strongly influence catchment hy-
drology. Following precipitation events, total basin hydrographs in-
dicate increased surface runoff within alpine catchments containing
rock glaciers, which suggests rock glaciers form impervious surfaces
(i.e. the perennially frozen layer at the base of the active layer acts as an
aquiclude) (Brenning, 2005b; Geiger et al., 2014). This may increase
the likelihood of flooding (Krainer and Mostler, 2002; Geiger et al.,
2014). Additionally, rock glaciers are characterised by high storage

Short-term storage Intermediate-term storage Long-term storage

Ice

Snow

Water

Hour Day Month Year Century

Event storage (e.g., thermokarst pond outburst, stream

blocking/interference, precipitation recharge events)

Permafrost layer

volume

Active layer volume

Seasonal snow cover

En- and sub[rock]glacial water

Fig. 13. Schematic diagram showing the different forms of rock glacier storage and their associated time-scales.
Figure adapted from Jansson et al. (2003).
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capacity (linked to high hydraulic conductivity) and low transmissive
function in comparison to ice- and debris-covered-glaciers (Pourrier
et al., 2014), particularly features with lower ground ice content.
Therefore, rock glaciers can exhibit: (i) a strong buffering effect on the
daily-to-monthly variability of transferring glacial- and snowpack-
meltwater interflows to downstream areas; and (ii) a high storage ca-
pacity that partially delays glacier- and snowpack-meltwater transfer to
downstream areas (Pourrier et al., 2014). Consequently, relict rock
glaciers may strongly influence catchment hydrology by means of
runoff interruption. For example, within the Niedere Tauern Range,
Austria, Winkler et al. (2016b) report that following recharge events
(i.e. precipitation events), relict rock glaciers rapidly (within hours)
release ~20% of their recharge, however the remaining ~80% is con-
siderably delayed; calculated mean residence time is ~0.6 years
(≅7 months). Furthermore, exceptionally high discharge rates reported
from springs at the toe of relict rock glaciers (Kellerer-Pirklbauer et al.,
2013), emphasise the strong influence of this rock glacier type both on
the water storage capabilities and discharge behaviour of these catch-
ments. Therefore, relict rock glaciers potentially form ‘temporary
aquifers’ of significant hydrological value; however, they are regularly
neglected in the context of rock glacier hydrological significance. In-
deed, as yet no scientific investigation has “quantitatively established
the complete hydrological role of the periglacial environment within a
given watershed or region” (Duguay et al., 2015). Their number, spatial
distribution, and morphometric characteristics are defined within this
inventory; however, much further research is required to better un-
derstand their hydrological role.

With further regards to (ii), given the potential of rock glaciers as
potable water sources (Burger et al., 1999), understanding rock glacier
outflow water quality characteristics is of critical importance. With
slower recessional rates compared to ice glaciers, rock glaciers may
influence the biogeochemistry of outflow over comparatively longer
time-scales (Fegel et al., 2016). Despite this, the biogeochemistry of
rock glacier outflow has been the focus of few scientific investigations.
Generally lower suspended sediment concentrations and higher total
dissolved solids (TDS) relative to glacier-derived meltwater, have re-
sulted in rock glacier outflow being described as ‘clear’ (Gardner and
Bajewsky, 1987). However, given the greater debris fraction in rock
glaciers compared to glaciers, mineral surface area-ground ice contact
is greater, and thus undergoes active chemical weathering (Ilyashuk
et al., 2014). Indeed, TDS analysis indicates that interflowing waters are
chemically influenced with outflows becoming solute-enriched
(Giardino et al., 2015). Examples of rock glacier outflow are reported
where abnormally high concentrations of certain elements exceed EU
limit values for drinking water (e.g., sulphate, manganese, aluminium,
nickel [Ilyashuk et al., 2014]). Furthermore, reported outflow pH levels
(7.3–8.4) and interflow pH levels (6.4–6.9) (Ilyashuk et al., 2014),
further illustrate the ‘solute-concentrating effect’ of rock glaciers.
Others have reported similar findings (Williams et al., 2006; Thies
et al., 2007; Nickus et al., 2013; Thies et al., 2013). Therefore, while
rock glaciers may form reliable potable water sources, further research
into water quality is necessary.

Lastly, in the adaptation context, as “adaption needs are highly di-
verse, dynamic, and context-specific” (Regmi and Pandit, 2016), par-
ticularly in high mountain systems, therefore basin-scale knowledge is
critically important. Additionally, research on the impacts of past en-
vironmental conditions of the hydrological function of rock glaciers is
largely understudied (Sorg et al., 2015); research required to fully un-
derstand the applicability of the inventory presented in this study, to
future contexts. Finally, under continued climate change many ice
glaciers will potentially transition to rock glaciers, however, further
research is required to understand this process.

6. Conclusion

In this study, the first complete inventory of DDAs/I-DLs in the
Nepalese Himalaya has identified>6000 features, covering an esti-
mated 1371 km2. A ~20% subsample (n = 1137) of landforms were
digitised, the majority (68%) of which were classified as intact and the
remaining as relict. An inverse relationship between precipitation and
DDA/I-DL occurrence, elevation and morphometric characteristics (i.e.
length and area), with increasing values from east to west associated
with drier conditions. Both DDAs and I-DLs situated within north- to
west-aspect classes, reside at statistically significantly lower elevations
than those within south- to east-aspects. Additionally, the majority
(56%) of DDAs and I-DLs had a northerly aspect (NE, N, NW), sug-
gesting that temperature (i.e. solar insolation) is an important control
on DDA/I-DL characteristics and distribution. Climatic controls, how-
ever, only partially explain DDA/I-DL characteristics and distribution,
and thus other controls such as debris supply, glacial history, compe-
tition with ice glaciers and lithology should be considered. Indeed,
under future climate warming, the hydrological value I-DL frozen water
stores in mountain regions is likely to become increasingly important;
therefore, improved understanding the controls upon I-DL development
is critical. Prior to this study, knowledge of Nepalese I-DL frozen water
stores and their hydrological significance at local, regional, and na-
tional scales was limited. This study, for the first time, estimates I-DL
water volume equivalents and evaluates their relative hydrological
importance in comparison to ice glaciers. Across the Nepalese
Himalaya, I-DLs stored ~21 trillion L of frozen water, and their com-
parative hydrological importance increased westwards (e.g.,
ratio = 1:3, West region). With continued climatically-driven ice gla-
cier recession, the relative importance of I-DLs in the Nepalese
Himalaya will potentially increase.
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Appendix A

Fig. A.1. Flow diagram detailing the process for: (a) upscaling of DDA/I-DL surface area; and (b) upscaling of DDA/I-DL water volume equivalent. Both are derived from the digitised
subsample.

Appendix B. Supplementary data

Supplementary data associated with this article can be found in the online version, at https://doi.org/10.1016/j.gloplacha.2017.11.005. These
data include the Google maps of the most important areas described in this article.
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