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ABSTRACT

In High Mountain Asia, human-induced climate warming threatens the cryosphere. Expected long-term re-
ductions in future runoff from glacial catchments raises concerns regarding the sustainability of these natural
‘water towers’ and the implications of reduced water availability for regional human and ecological systems. Ice-
debris landforms (I-DL), containing ice whether moving or not include rock glaciers and ice-cored moraines, and
are likely to be climatically more resilient than debris-covered and debris-free glaciers. Recent work has shown
that rock glaciers contain globally valuable water supplies yet over High Mountain Asia information regarding
their number, spatial distribution, morphometric characteristics and water content are scarce. Here, we present
the first systematic estimate of the current extent and distribution of rock glaciers for a subset of High Mountain
Asia (the Himalaya). A sample of 2070 intact and relict rock glaciers were digitized on Google Earth imagery
from the Western, Central and Eastern Himalaya regions and then quantitative and qualitative characteristics
were analysed regionally based on topographic data from the NASA Shuttle Radar Topography Mission (SRTM)
Version 3.0 and then aggregated across the Himalaya using an “upscaling” method. The majority of the digitized
landforms (~65%) were categorised as intact rock glaciers (i.e., ice-debris Landforms, or I-DLs, containing ice)
and the remainder as relict rock glaciers (i.e., discrete debris accumulations or DDAs, not containing ice). They
range in elevation from 3225 to 5766 m a.s.l., with the lowest in the Central Himalaya. Sampled relict and intact
rock glaciers are primarily situated on northern quadrants. Over the entire Himalaya, we identified ~25,000
landforms, with a total estimated areal coverage of 3747 km?. The area upscaling method was validated in the
Manaslu region of Nepal using high-resolution Planet data (5 m) and freely available, fine spatial resolution
optical satellite data accessed through Google Earth Pro and ESRI basemaps. In absence of complete rock glacier
inventories over the Himalaya, our approach proves useful to investigate the nature, distribution and infer po-
tential future behaviour of these landforms across the Himalaya in a changing climate.

1. Introduction

accelerated pace (Kraaijenbrink et al., 2017; Hock et al., 2019; Maurer
etal., 2019; Shannon et al., 2019) contributing to reduced water security

In High Mountain Asia (HMA), the cryosphere forms natural water
towers that are integral for ecosystem services provision, and supplying
multiple societal needs to ~800 million people living in the mountains
and surrounding lowlands (Pritchard, 2019). However, considerable
glacier mass loss has been documented in the last decades and is pro-
jected to continue throughout the twenty-first century and at an

* Corresponding author.

and sea level rise (Caretta et al., 2022; Fox-Kemper et al., 2021. At
smaller scales, an overall decrease in snow water equivalent (the
quantity of water contained in a snowpack) has been reported for a
number of catchments in the Himalaya, particularly during the
pre-monsoon (March, April, May) and monsoon seasons (June, July,
August) (Smith and Bookhagen, 2018). The continued decline of parts of
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the Himalayan cryosphere raises major concerns for the future sustain-
ability of water resources, particularly with regards to ‘peak water’ (the
maximum glacier runoff reached before it starts to decline) (Huss and
Hock, 2018; Immerzeel et al., 2020; Harrison et al., 2021). Indeed, even
under the RCP4.5 climate modelling scenario, which represents emis-
sions lower than expected with currently implemented policies, most
basins fed by Himalayan glaciers are projected to reach peak water by
~2050, with the Indus reaching this at 2045 + 17 years, the Ganges at
2044 + 21 years and the Brahmaputra at 2049 + 18 years (Huss and
Hock, 2018).

Given the likely future decline in glacier runoff and the need for
strong climate adaptation in HMA, it is important that the picture of
available cryospheric water availability be complete. This requires a
comprehensive, regional-scale understanding of all components of the
hydrological cycle in the high-mountain cryosphere, beyond current
estimates which account primarily for clean ice glaciers and to a smaller
extent debris-covered glaciers (Immerzeel et al., 2012; Lutz et al., 2014;
Kraaijenbrink et al., 2017; Huss and Hock, 2018; Zhang et al., 2019;
Immerzeel et al., 2020). With continued climatically-driven glacier
recession and mass loss, the relative hydrological value of rock glaciers
in mountain regions is likely to become increasingly important since
these features typically persist at elevations lower than glaciers and are
insulated from warming by thick rock debris cover. Owing to the insu-
lating and damping properties of the thick debris cover, rock glaciers are
thought to be climatically more resilient than clean-ice and debris-
covered ice glaciers where debris thickness often varies from several
centimetres to a few meters at the terminus; consequently, their relative
hydrological importance compared to that of debris-covered and debris-
free glaciers may increase under future climate warming (Harrison et al.,
2021). While rock glaciers may be more resilient to climate change,
some studies show that rock glaciers have also accelerated and desta-
bilised in the last two decades as a result of increasing temperatures
(Delaloye et al., 2008; Marcer et al., 2021b). Yet, to date, with a few
notable exceptions (e.g., Jones et al., 2019; Schaffer et al., 2019), the
hydrological role of rock glaciers in HMA has received little consider-
ation compared to both clean ice glaciers (see Fountain and Walder,
1998; Jansson et al., 2003; Irvine-Fynn et al., 2011; Huss and Hock,
2018) and debris-covered glaciers (Fyffe et al., 2019, and references
therein; Miles et al., 2020; Miles et al., 2021).

Research suggests that rock glaciers may constitute increasingly
important long-term water stores (Jones et al., 2018a), yet these are
largely omitted from current water projections in HMA, because until
now there has been no systematic reporting of their spatial distribution
across the region. This prevents the understanding of their contributions
to current and/or future water supplies across the wider region. Due to
their morphological characteristic and complex structure, rock glaciers
are difficult to delineate both in the field (also due to their remoteness,
poor access and chaotic topography) and by remote sensing due to their
spectral similarity with the surrounding terrain.

Rock glaciers have often been delimited using standard geo-
morphologic and kinematic approaches, i.e. using manual interpretation
of aerial photography, optical images and/or interferometric synthetic
aperture radar (InSAR) techniques combined with topographic data
(Falaschi et al., 2014; Rangecroft et al., 2014; Robson et al., 2020; Cai
et al., 2021; Buckel et al., 2022), but such methods are time consuming
and require a-priori expert knowledge. New methods include the use of
machine learning techniques to automate the mapping of rock glaciers
(Robson et al., 2020; Wagner et al., 2020; Marcer et al., 2021a; Reinosch
et al., 2021; Erharter et al., 2022). Most inventories remain regional in
extent and are not yet applied at mountain-range scales (although see for
example Erharter et al., 2022). However, while standard guidelines for
inventorying rock glaciers have been established by the International
Permafrost Association (IPA) Action Group (RGIK, 2022), significant
work remains to produce rock glacier inventories for the globe. The
spatial distribution and characteristics of rock glaciers is not included in
global glacier inventories such as the Randolph Glacier Inventory (RGI)
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and the Global Land Ice Monitoring from Space (GLIMS) database
(www.glims.org). Furthermore, while systematic rock glacier inventory
coverage has increased globally (Scotti et al., 2013; Falaschi et al., 2014;
Rangecroft et al., 2014; Schmid et al., 2015; Marcer et al., 2017; Onaca
et al., 2017; Wagner et al., 2020; Hassan et al., 2021; Reinosch et al.,
2021), the Himalayan region is comparatively data-deficient (Jones
et al., 2018a) although more recent assessments have been carried out
(e.g. Chakravarti et al., 2022; Zhang et al., 2022). Indeed, Bolch et al.
(2019) synthesised and evaluated the state of current scientific knowl-
edge regarding changes in the high-mountain cryosphere, but rock
glaciers received only a brief mention. Across HMA, with few exceptions
(Jones et al., 2018b; Baral et al., 2019; Blothe et al., 2019), rock glacier
inventories have been conducted at relatively small spatial scales or are
not spatially explicit (e.g., Regmi, 2008; Bolch and Gorbunov, 2014;
Schmid et al., 2015); therefore, rock glacier distribution and their hy-
drological value are generally unknown.

Given the enormous spatial extent of HMA, manual digitization of
rock glaciers is time consuming and subjective. In a previous study
(Jones et al., 2018b), we developed a methodology to estimate the rock
glacier extent for the Nepalese Himalaya by upscaling rock glaciers
manually digitized from high-resolution satellite imagery in Google
Earth based on surface characteristics (frontal and lateral margins, steep
frontal slopes and ridge and furrow topography) (RGIK, 2022). Their
likely hydrological importance was assessed in Jones et al. (2021). In
this paper, we build upon this methodology presented in Jones et al.
(2018b) to investigate the distribution of rock glaciers across the entire
Himalaya. To our knowledge, this is the first comprehensive systematic
estimate of rock glacier cover over this region. Our aim here is to vali-
date the methodology presented in Jones et al. (2018a, 2018b) and use
this approach to investigate the nature, distribution and potential future
behaviour of these landforms across the Himalaya. These are required
before we can determine their state and fate in a changing climate. We
subdivide the rock glaciers into the following two broad categories.
First, intact rock glaciers are those which we judge contain ice (whether
or not they are moving). Second, relict rock glaciers are those which do
not contain ice and do not display the characteristics of movement. This
classification is discussed further in 3.2.

2. Study area

Our study area is the Himalaya, spanning ~1500 km in width (~76
to 92° longitude and ~ 26 to 34° latitude) (Fig. 1). To examine and
highlight regional differences in the occurrence of rock glaciers, we use
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Fig. 1. Study area - the Himalaya - showing the three regions studied based on
Bolch et al. (2012) and the distribution of sampled intact and relict rock gla-
ciers. The major river systems are also shown: Amu Darya, Indus, Ganges,
Brahmaputra, Salween, Mekong, Yangtze, and Irrawaddy. Also shown is the
location of the Manaslu region in Nepal, used for validation.
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three sub-regions selected across monsoonal gradients as defined in the
literature (Bolch et al., 2012): Western Himalaya, Central Himalaya and
Eastern Himalaya (Fig. 1). Climate in this region varies from dry,
monsoon shadow in the west (Thayyen and Gergan, 2010) to wet,
monsoon-influenced in the east (Barros and Lang, 2003; Bookhagen and
Burbank, 2006).

For the independent validation of the inventory and an in-depth
analysis of the rock glacier distribution, we focus on a subset area of
the Himalaya domain centred on the Manaslu region (4704 kmz) located
in the Central Nepal Himalaya. This region is situated in the headwaters
of the Dudh Khola in the Manang district, Gandaki Province of Nepal
(Fig. 1), at the climatic boundary between the regions affected by the
Indian summer monsoon and those dominated climatically by the drier
areas of the Tibetan plateau. The region comprises a mix of clean gla-
ciers, debris-covered glaciers (Robson et al., 2018; Racoviteanu et al.,
2022a) as well as rock glaciers; the latter have not been studied so far in
this area. We chose this area due to the wealth of satellite imagery,
including high-resolution Planet imagery from 2019 used in Racovi-
teanu et al., 2022a, and field reconnaissance during previous fieldwork
(Racoviteanu et al., 2022a).

3. Methods
3.1. Data sources

In this paper we rely on freely available, fine spatial resolution op-
tical satellite data accessed through Google Earth Pro and ESRI base-
maps, including SPOT and DigitalGlobe (e.g. QuickBird, Worldview-1
and 2 and IKONOS) combined with topographic data from the NASA
Shuttle Radar Topography Mission (SRTM) Version 3.0 Global 1 arc sec
(~30 m) dataset (NASA-JPL, 2013). Google Earth was used to identify
and “pin” rock glaciers across the Himalaya based on their surface
characteristics. The SRTM DEM was used to calculate the slope of the
terrain, which was then used as auxiliary data in the rock glacier
delineation process. For the Manaslu region, we obtained a high-
resolution satellite image (5 m) from Planet’s RapidEye constellation
from November 2019, consisting of multispectral data (five spectral
bands in the visible and near infrared) with a positional accuracy of <10
m (Planet Labs, 2021). We used Level 3 A data, which consist of stripes
comprising multispectral, radiometrically corrected orthorectified tiles
with surface reflectance computed from top-of-atmosphere radiance
products processed using the 6S radiative transfer model (Vermote et al.,
1997) and MODIS data, which accounts for atmospheric effects (Plan-
et Labs, 2021). We mosaicked these using nearest neighbour resampling
technique to obtain a single image covering the Manaslu domain shown
in Fig. 1. This was used for rock glacier delineation in conjunction with
world imagery from the ArcGIS online base map (Sources: Esri, Digi-
talGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aero-
grid, IGN, IGP, swisstopo, and the GIS User Community) (see Section
3.4).

3.2. Rock glacier digitization and creation of the rock glacier sub-sample

For the systematic rock glacier inventory, we used manual feature
identification and digitisation using geomorphic indicators for the
Himalaya used in previous studies elsewhere (Baroni et al., 2004;
Falaschi et al., 2014; Rangecroft et al., 2014) Table 1. Rock glaciers are
generally identified based on their lobate or tongue-shaped landforms
comprising a continuous, thick cover of rock debris overlying ice-
supersaturated debris and/or pure ice, which creep slowly downslope
(see Martin and Whalley, 1987; Barsch, 1996; Haeberli et al., 2006;
Berthling, 2011) (Fig. 2a-b). The dynamic status of rock glaciers iden-
tified on the satellite imagery was assigned based on their presumed ice
content and movement, according to the morphological classification by
Barsch (1996) and established using geomorphic indicators (see Table 1
and Fig. 2a and b). The sampled landforms were classified based on their
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Table 1
Geomorphic indicators used to identify rock glaciers and their activity status.

Geomorphic
indicator

Intact rock glacier Relict rock glacier

Surface flow
structure

Well-defined furrow and ridge  Less defined furrow and ridge
topography (Kaab and Weber, topography (Kaab and Weber,
2004) 2004)
Rock glacier Swollen body (Baroni et al., Flattened body (Baroni et al.,
body 2004). Surface ice exposures ( 2004). Surface collapse
Potter et al., 1998) features (Janke and Bolch,
2021)
Gentle frontal slopes (<30°)
and gentle transition to
surrounding slopes and upper
surface (Janke and Bolch,
2021).

Frontal slope Steep (30-35°; Baroni et al.,
2004). Abrupt transition to
surrounding slopes and to the
upper surfaces; light coloured
with little surface weathering
compared to surrounding
stable slopes (Wahrhaftig and
Cox, 1959; Janke and Bolch,
2021).

activity as intact rock glaciers and relict rock glaciers. Intact landforms
are further subdivided into: (i) active landforms, which contain ice and
display movement and (ii) inactive landforms, which contain ice and no
longer display movement. Relict rock glaciers are those which do not
contain ice nor display movement (Haeberli, 1985; Barsch, 1996). This
nomenclature follows our previous work (e.g. Jones et al., 2018a,
2018b, 2021). Rock glaciers differ from debris-covered glaciers, which
are characterized by fully or partially covered tongues of up to tens of
kilometers in length, with supraglacial features such as ice cliffs,
supraglacial lakes, debris cones/hummocks and depressions (Racovi-
teanu et al., 2022b).

The methodology of identification and digitisation of rock glaciers
was described in detail in Jones et al. (2018b) for the Nepal Himalaya.
To expand the area estimates to the entire Himalaya., we followed the
same methodology: a uniform grid of ~25 km? grid squares was created
in ArcGIS in vector format and then imported to Google Earth Pro and
overlain on the background satellite imagery. We systematically
searched each grid square to identify both intact and relict rock glaciers.
Each time a landform was found, its position was labelled using a digital
“pin” (a vector marker) in Google Earth Pro. To ensure consistency, each
pin point was digitized at the elevation at which the base of the frontal
slope met the slope downstream so that the mean elevation at the front
(MEF) of each feature could be extracted. A ~ 5% sample of the iden-
tified landforms was randomly selected from the Western, Central and
Eastern Himalaya respectively within ArcGIS using the Subset Features
tool. The small sample size was chosen for pragmatic reasons, i.e.,
because of the large size of the spatial domain. The resulting sample
comprised of landforms in the Western Himalaya [n = 363], central
Himalaya [n = 192] and Eastern Himalaya [n = 378], with a total of 933
intact and relict rock glacier samples. In order to estimate the total
landform area, the point database presented here [n = 933] was amal-
gamated with the existing systematic rock glacier inventory for the
Nepalese Himalaya (Jones et al., 2018b) [n = 1137], resulting in a
sample of 2070 rock glaciers (Fig. 1). These were manually digitized on
the Google Earth imagery using the geomorphic criteria as described in
Jones et al. (2018b). From this sample, we assessed the quantitative and
qualitative characteristics of rock glaciers then aggregated these across
the three Himalaya regions.

3.3. Rock glacier upscaling

Our rock glacier sample was then extended to the entire population
on a regional basis through the following upscaling procedure:

e Calculated the mean area [Asubsampled] and total area [Agybsampled] Of
the subsampled rock glaciers [Nsypsampled]
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Fig. 2. Examples of intact and relict rock glaciers in the Manaslu region of Nepal. (a) active rock glacier and (b) rock glacier complex with active (‘A’), inactive (‘')

(and relict (‘R’) rock glaciers.

e Determined the number of remaining unsampled rock glaciers:
[Nunsampled = Npinned - Nsubsampled]

e Calculated the additional area of the unsampled glaciers using the
mean area from the sampled ones: [Aynsampled = Asubsampled *

Nunsampled]
e Calculated the total upscaled area: Aot — Aunsampled + Asubsampled

3.4. Validation analysis

To assess the uncertainty of the upscaling method, we used the
Manaslu region of Nepal (Fig. 1) as a test area. Rock glacier outlines
were digitized on a false colour composite of the 2019 RapidEye image
(bands 4, 3, 2) and the high-resolution basemaps from ESRI, using the
geomorphic criteria listed in the revised IPA guidelines (RGIK, 2022).
Following these guidelines, we mapped the rock glacier polygons based
on the following geomorphic criteria: (i) presence of a discernible talus
slope at the front usually displaying a convex morphology perpendicular
to the principal (former) flow direction; (ii) presence of lateral margins
as a discernible continuation of the front and (iii) presence of the
characteristics ridge-and-furrow topography, identified as pronounced
convex-downslope or longitudinal-surface undulations associated with
current or former compressive flow (RGIK, 2022). Where visible, we
digitized the rooting area of each rock glacier. Rock glaciers were
digitized for each location of a “pin” identified in Jones et al. (2018a,
2018b). We used the extended geomorphological footprint, i. e. the rock
glacier outline embeds the entire rock glacier up to the rooting zone,
including the external parts (front and lateral margins) (RGIK, 2022).
The digitized rock glacier polygons were taken to represent “ground
truth”. For each glacier, we calculated the min, mean and maximum
digitized area, and the elevation range extracted on the basis of the
AW3D30 DEM (JAXA, 2019). The resulting total digitized area was
compared to the total upscaled area for the Manaslu region to estimate
the uncertainty of the proposed upscaling technique at a regional level.
For the purposes of the area comparison only, we did not evaluate the
area differences separately for each of the two subclasses of rock glaciers
(intact or relict). We also present the distribution of rock glaciers with
respect to clean and debris-covered glaciers in the Manaslu region based
on datasets from a previous study (Racoviteanu et al., 2022a).

4. Results and discussion
4.1. Rock glacier distribution and area estimates across the Himalaya

A total of 24,968 landforms were identified across the Himalaya and
“pinned” in Google Earth; this consists of both intact rock glaciers and
relict rock glaciers. This represents an additional 18,729 landforms
compared to the previous inventory for Nepal Himalaya, reported in
Jones et al., 2018b. The sampled landforms [n = 2070] across the
Himalaya cover a total surface area of 359.95 km? with intact rock
glaciers [n = 1371] covering 277.78 km? (~ 77% of the total coverage)
and relict rock glaciers [n = 699] covering 82.18 km? (~ 23% of the
total coverage). The total sampled landform surface coverage is largest
in the Central Himalaya (278.70 km?), succeeded by the Western
Himalaya (53.76 kmz) and Eastern Himalaya (27.50 kmz). Here, when
reporting sample totals, it is important to note the proportionally larger
sample size for the Central Himalaya, which is the result of the amal-
gamation of the database presented here with the existing systematic
rock glacier inventory for the Nepalese Himalaya (Jones et al., 2018b).
Correspondingly, the mean surface area of all sampled landforms (intact
and relict) is greatest in the Central Himalaya (0.21 km?) followed by
the Western Himalaya (0.15 kmz), with the smallest landforms in the
Eastern Himalaya (0.07 kmz) (see Table 2). In general, for all three re-
gions, relict rock glaciers are on average smaller than intact rock glaciers
(14-33% area difference), with the largest difference in the Central
Himalaya (Table 2).

Inactive and relict rock glaciers accounted for ~65% (n = 16,334)
and ~ 35% (n = 8634) of the total identified landforms in the Himalaya,
respectively, based on upscaled estimates (Table 2). Approximately 40%
(n =10,060) of these landforms are located in the Central Himalaya, ~
30% (n = 7573) in the Eastern Himalaya and ~ 29% (n = 7335) in the
Western Himalaya (Table 2). Across the Himalaya, intact rock glacier
mean density is 0.05 and relict rock glacier mean density is 0.02 (Jones
et al., 2019 unpublished data). Direct conversion of specific relict rock
glacier/intact rock glacier area (ha km_z) to specific relict rock glacier/
intact rock glacier density (%) enables comparison with previous
studies. At 1.05%, the specific landform density we estimate for the
entire Himalaya is lower than for other regional studies across HMA. For
example, Bolch and Gorbunov (2014) record this as ~1.50% in the
Northern Tien Shan (Kazakhstan/Kyrgyzstan); 2.65% in the Zailyiskiy
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Table 2
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Key mean characteristics for intact rock glaciers (IRG) and relict rock glaciers (RRG) for the subsample of rock glaciers [n = 2070] and the number of upscaled glaciers

in each region.

Region Type No. % MEF Max E (masl) Length (m) Width (m) Area (km?) Aspect No. of landforms (upscaled)
(masl)

Eastern IRG 199 53 5036 5158 413 172 0.08 NwW 3987
RRG 179 47 4852 4956 343 145 0.06 NwW 3586
All 378 - 4949 5062 380 159 0.07 NwW 7573

Central IRG 897 67 4989 5220 748 261 0.24 NwW 6790
RRG 432 33 4599 4785 518 219 0.14 NwW 3270
All 1329 - 4863 5078 673 248 0.21 NwW 10,060

Western IRG 275 76 4564 4729 587 223 0.15 NW 5557
RRG 88 24 4312 4470 546 188 0.13 N 1778
All 363 - 4503 4666 577 215 0.15 NwW 7335

Total IRG 1371 66 4911 5112 667 241 0.20 Nw 16,334
RRG 699 34 4628 4789 477 196 0.12 NwW 8634
All 2070 - 4815 5003 603 226 0.17 NwW 24,968

and Kungey Alatau (Kazakhstan/Kyrgyzstan) (Bolch and Marchenko, Table 3
able

2006) and 3.40% in the Nepalese Himalaya (Jones et al., 2018Db).
However, as the Tibetan Plateau constitutes a significant proportion of
the terrain >3225 m a.s.l., this may suppress the specific landform
density values presented here.

Across the entire region, the area of individual sampled landforms
varies between 0.004 km? and 3.54 krnz, with 1069 landforms >0.1 km?
in area. Considered individually, the largest sampled intact rock glacier
(3.54 km?) and relict rock glacier (1.50 km?) are both located in the
Central Himalaya. In the Himalaya, the estimated total upscaled relict
rock glacier and intact rock glacier area is 3747 km?, representing ~16%
of the area covered by glaciers in the same region (22,829 km?). At the
mountain-range scale, relict rock glacier and intact rock glacier
coverage ranged between 550.87 km? and 2109.63 km? in the East and
Central Himalaya, respectively (see Jones et al., 2021 for details).

We found that in the Himalaya, several relict rock glaciers and intact
rock glaciers have similar areal coverage to the largest examples found
elsewhere. Onaca et al. (2017) speculate that rock glaciers in the highest
elevation mountain ranges are comparatively larger than those situated
in lower mountain ranges, and they link this to the longevity of activity.
Additionally, given the importance of debris-supply to rock glacier
development and persistence, Hewitt (2014, p. 276) notes that the size
and frequency of rock glaciers increases with height of the interfluve
(see also Olyphant, 1983; Haeberli et al., 2006). In the high and deeply
incised ranges of the Himalaya (Scherler et al., 2011), it is reasonable to
assume that these topographic factors have considerable influence on
relict rock glacier/intact rock glacier size, although this hypothesis has
not been tested here.

4.2. Elevation and topographic characteristics

Across the Himalaya, the sampled relict rock glaciers and intact rock
glaciers [n = 2070] have a minimum elevation at the front (MEF)
ranging from 3225 to 5766 m a.s.l., with the lowest found for a rock
glacier located in the Central Himalaya. The mean density (n km~2) of
sampled intact and relict rock glaciers at elevations >3225 m a.s.l.
ranges from 0.06 (West Himalaya) to 0.08 (Eastern /Central Himalaya)
(Table 3). A total of 87% of the sampled landforms were found between
4200 and 5400 m a.s.l. This is broadly consistent with that previously
reported for the Hindu Kush region (3554-5735 m a.s.l.) (Schmid et al.,
2015). At the regional-scale, mean MEFs for the Eastern (4949 + 256 m
a.s.l.), Central (4863 + 372 m a.s.l.) and Western Himalaya (4503 +
422 m a.s.l.) show a decreasing westward trend in inactive and relict
rock glacier elevation across the Himalaya (Fig. 3). This trend remains
consistent when considering relict rock glaciers and intact rock glaciers
separately. Furthermore, in agreement with Schmid et al. (2015), we
report a pronounced south-to-north increase in inactive and relict rock
glacier MEF across the Himalaya, with relict rock glaciers/rock glaciers
found typically, several hundreds of metres higher on the northern

Intact Rock glacier (IRG)/Relict rock glacier (RRG) proportion, proportional
area > 3225 m a.s.l., density in specific regions of the Himalaya. Where
appropriate, values are reported to two decimal places. *Density (n km~2) was
calculated considering the area > 3225 m a.s.l. (MEF of lowest observed land-
form). t Specific area (hakm2) where ha reflects intact rock glacier/relict rock
glacier area was calculated considering the regional area > 3225 m asl. The
upscaled results were used in calculations of both density and specific area.

Eastern Central Western
Himalaya Himalaya Himalaya
IRG/RRG proportion 30% 30% 40%
Proportional area 26% 37% 37%
> 3225 m a.s.l.
Density (n km~2)* 0.08 0.08 0.06
Specific area 0.59 1.60 0.82
(hakm )t

slopes (Table 4 and Fig. 4). As expected, across the Himalaya, inactive
rock glaciers are located at higher elevations than relict rock glaciers
and this pattern is statistically significant based on the ANOVA test (p <
0.001, 99% confidence level). Tukey post hoc test results show that this
finding also exists at the regional-scale (Western Himalaya: Diff = 252
m, p <0.001; Central Himalaya: Diff: 390 m, p <0.001; Eastern Hima-
laya: Diff = 184 m, p < 0.001). Across the entire Himalaya, intact rock
glaciers are predominantly found above 4800 m a.s.l. (65%) with relict
rock glaciers found below 4800 m a.s.l. (67%). Furthermore, rock gla-
ciers are clustered between 4400 and 5400 m a.s.l. (84%) and relict rock
glaciers between 4200 and 5200 m a.s.l. (79%). This result provides
validation for the dynamic status classification, given the expected
vertical progression of suitable habitats for rock glacier development
and persistence linked to climate warming.

With respect to slope aspect, across the Himalaya, sampled relict
rock glaciers/intact rock glaciers are primarily situated on northern
quadrants (NW: 17%; NE: 16%; N: 16%; 3, Table 4 and Fig. 4).
Furthermore, the mean aspect of relict rock glaciers/intact rock glaciers
shows that they cluster around north-western slopes (mean orientation =
321°). Regionally, a greater proportion of intact rock glaciers (40-57%)
are situated within the northern quadrant compared to the southern
quadrant (20-32% intact rock glaciers). Similarly, relict rock glaciers
are also predominantly located within the northern quadrant (57-62%)
compared to the southern quadrant (13-19%). Circular variance in-
dicates that relict rock glaciers have lower dispersal (0.39) than intact
rock glaciers (0.20), with proportionally more relict features located on
northerly slopes compared to intact rock glaciers. In addition, across the
Himalaya these landforms situated within the northern aspect quadrant
occur at lower elevations than those found within the southern aspect
quadrant (Fig. 4) also illustrates the clustering of relict rock glaciers and
intact rock glaciers around northerly aspects. The results presented here
corroborate the findings of other northern hemispheric studies, which
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Table 4

Regional aspect classification of rock glaciers (RG) and relict rock glaciers (RRG)
into north- (292.5 to 67.5°) and south- (112.5 to 247.5°) facing aspect
quadrants.

Western
Himalaya

Central
Himalaya

Eastern
Himalaya

Activity  Aspect

Quadrant

IRG North (NW, N,
NE)

South (SW, S,
SE)

North (NW, N,
NE)

South (SW, S,
SE)

46% 40% 57%

24% 32% 20%

RRG 62% 58% 57%

13% 19% 18%

have detailed similar microclimatic relationships (e.g., Ishikawa et al.,
2001; Seppi et al., 2012; Scotti et al., 2013; Baral et al., 2019). There-
fore, it is reasonable to assume that northerly aspects with their reduced
solar insolation, enable rock glacier formation and preservation at lower
elevations than other aspects. These slopes may also be steeper than
those of other aspects having undergone likely longer periods of glacial
erosion during Quaternary times, and therefore are more able to pro-
duce elevated debris fluxes to valley floors.

4.3. Validation in the Manaslu region of Nepal

In the Manaslu region, manual mapping of intact and relict rock
glaciers based on high-resolution imagery yielded a total of 487 poly-
gons with an area of 68.5 km?, ranging from 0.006 to 1.33 km?, with a
mean area of 0.18 km? and elevations ranging from 3839 m to 6127 m a.
s. 1. (Table 5). Over the same area, a total of 452 rock glaciers had been
“pinned” in Jones et al. (2018b) as described earlier; of these, 59 intact
and relict rock glaciers had been sampled, ranging in area from 0.01 to
1.38 km?, with a total area of 11.12 km? and a mean area of 0.18 km?
(Table 5). Based on the mean area from the sample of 59 intact and relict
rock glaciers, the area for the remaining 393 unsampled rock glaciers
was calculated as 70.74 km? using the method described earlier (Section
3.3). On this basis, the total upscaled area of intact and relict rock

glaciers in this region (sampled and unsampled) was 81.86 km?.

Compared to the area of the landforms manually digitized previously
from Google Earth (68.5 kmz), this yields an overestimation of 13.4 km?
(~16%) based on the upscaled area (Fig. 5). We note that while intact
and relict rock glaciers tend to be smaller in size compared to both clean
and debris-covered glaciers, they are abundant in the Manaslu region
and cover relatively similar area to the debris-covered ice (68,5 km? vs.
71,6 km?). However, there remain large uncertainties in the area
delineation of rock glaciers, notably the omission in some cases of the
rooting zone which is less visible than the rest of the glacier.

4.4. Considerations on uncertainty

Uncertainty sources in this study comprise (a) the uncertainty in
determining the presence of rock glacier on Google Earth imagery, (b)
mapping of the rock glacier boundaries and (c) the classification of rock
glaciers as intact or relict. Uncertainty related to (a) is subject to analyst
expertise and the quality of the imagery available in Google Earth. For
example, some areas may be cloud covered at the time of image
acquisition thus making the identification of rock glaciers difficult or
impossible. With respect to (b), the upscaled area approach is sensitive
to the mean area of rock glaciers chosen on a sub-region basis, which is
in turn influenced by the quality of the mapped rock glaciers. Manually
digitized boundaries, however, are also subject to a variety of errors,
notably due to misinterpretation of the upper part (rooting zone) of rock
glaciers, which can lead to uncertainties in rock glacier area and number
of rock glaciers identified (by a factor of three in both cases) (Brardinoni
et al., 2019; Cai et al., 2021). Orthoimages from base maps may also be
distorted, further creating errors in the rock glacier surface (Marcer
etal., 2019); however, we estimate these to be minimal because multiple
orthoimages from various sources were used. Errors in the digitization of
the rooting zone affect the calculation of the maximum altitude but less
so the MEF of the rock glacier sample. With respect to the classification
of rock glaciers (c), this was performed qualitatively by the analyst
based on morphological characteristics (Barsch, 1996). While this is the
common approach adopted as in most studies (Onaca et al., 2017;
Brardinoni et al., 2019), this remains subjective and dependent on an-
alyst experience. To mitigate all these sources of errors, multiple
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and the polynomial regression model for the mean MEF and aspect of relict rock glaciers is:

y, = —43.385x2 4 229.96x; + 4400

where x represents the aspect group, and y represents mean MEF.

@

The distance between peak MEF of intact and relict rock glaciers can be calculated through (1) and (2). When x; = 2.71, y, is the peak value of 5010;
when x; = 2.65, y, is the peak value of 4705. The MEF difference between intact and relict rock glaciers is therefore 305 m.a.s.1.

Table 5
Distribution and basic statistics of clean, debris -covered and rock glaciers in the Manaslu region of the Himalaya.
Glacier type no. Area (km?) Elevation
glaciers R B
min max mean total min max mean
Clean ice 455 0.004 34.5 1.4 639.9 3270 7959 5739
Debris-covered ice 45 0.030 11.1 1.6 71.6 3273 5834 4719
Rock glaciers 487 0.006 1.3 0.18 68.5 3839 6127 5017

analysts can be used in a future study; however, at Himalaya scale this
remains time consuming.

Accurate remote mapping of rock glaciers is furthermore hampered
by the uncertainties associated with mimicry (e.g. Whalley and Martin,
1992; Harrison et al., 2008; Jarman et al., 2013). This is most clearly
seen in the ways in which rock slope failures often mimic some of the
characteristics of rock glaciers. Jarman et al. (2013) and Jarman and
Harrison (2019) identify the following four issues. First, transverse
ridges are characteristic of rock glaciers, but also often develop in RSF
where the rapidly moving mass decelerates quickly, producing
compression ridges, and subsides, producing extension ridges. Second,
randomly distributed hollows exist in rock glaciers and reflect the
melting of ice cores; they also occur when coarse disintegrated rock
masses come to rest after rapid downslope movement. Third, arcuate
lobes, tongues and perimeter ridges are characteristic of rock glaciers
but also occur on RSF where rockslides emanate from confined sources
and debouch onto open footslopes. Finally, intact rock glaciers display
steep frontal margins; these also occur on rock slope failures where the
sliding mass rapidly loses momentum as gradients flatten.

While the distribution of rock slope failures in the Himalaya is not
currently known, they must be common given the combination of steep
and extensive rock slopes, rapid warming of permafrost and high fre-
quency of sesimic activity. As a result, the opportunity for

misidentification of rock slope failures as rock glaciers (and vice versa)
is likely to be high.

4.5. Future work and conclusions

We have previously suggested that rock glaciers in HMA might
become more numerous in future, and of increased importance in
providing water supplies as ice glaciers undergo continued recession
(Jones et al., 2019; Jones et al., 2021; Harrison et al., 2021). Climate
model simulations project sustained reduction in glacier mass balance
over the coming century in most areas of the Himalaya and wider HMA
(e.g. Shannon et al., 2019; Jones et al., 2021) and we have argued
previously (e.g. Harrison et al., 2021) that intact rock glaciers might
therefore become more important for maintaining water supplies as ice
glaciers melt. While the impact of rock glaciers on surface runoff at the
catchment scale might be negligible, we argue that their role in
providing water for groundwater might be significant (Brighenti et al.,
2019; Wagner et al., 2020; 2021). We have also hypothesised that
existing debris-covered glaciers and debris-covered glacier tongues
might undergo a transition to rock glaciers (Jones et al., 2019; Knight
etal., 2019). Important questions follow from this, including: how might
this transition occur, which glaciers might undergo this transition, how
quickly might this transition occur, and what are the water supply
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study (Racoviteanu et al., 2022a); rock glacier extents were manually digitized
in this study based on RGIK (2022) guidelines as described in Section 3.4.
Background imagery is a true colour composite (bands 4, 3, 2) of RapidEye
imagery from November 2019.

implications that follow. The answers to these are, at present, unknown
but we can hypothesise that this transition will have profound impacts
on future water supplies (Jones et al., 2021; Harrison et al., 2021).

We have presented the first systematic estimate of intact and relict
rock glacier coverage for the Himalaya and shown that there are
approximately 25,000 such features with an area coverage of ~3747
km?. This is the most extensive systematic inventory (in terms of total
rock glaciers and relict rock glaciers number and areal coverage), con-
ducted globally to date. The landforms identified and analysed region-
ally across three regions of the Himalaya (Western Himalaya, Central
Himalaya and Eastern Himalaya) showed that the majority of these
landforms (~ 65%) were intact rock glaciers (i.e. I-DL) and the
remainder were relict rock glaciers (i.e. DDAs). Rock glaciers in the
Himalaya constitute hydrologically valuable long-term water stores and
given continued climatically-driven glacier recession and mass loss the
relative hydrological value of rock glaciers in mountain regions will
likely become increasingly important. Prior to this study, knowledge of
Himalaya-wide rock glaciers and relict rock glaciers characteristics was
largely missing, and so our work provides the first scientific baseline
from which Himalayan-wide rock glacier and wider cryosphere response
to climate change can be assessed.
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