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Abstract 1 

In High Mountain Asia (HMA), ongoing glacier retreat affects human and ecological systems 2 

through reduced water availability. Rock glaciers are climatically more resilient than glaciers and 3 

likely contain potentially valuable water volume equivalents (WVEQ). In HMA knowledge of rock 4 

glaciers is extremely sparse and here we present the first systematic assessment of rock glaciers 5 

for the Himalaya, which encompass ~25,000 landforms with an estimated areal coverage of 3,747 6 

km². We estimate the WVEQ of Himalayan rock glaciers to be 51.80 ± 10.36 km³ (41–62 trillion 7 

litres). Their comparative importance vs glaciers (rock glacier: glacier WVEQ ratio) in the 8 

Himalaya was 1:24, ranging between 1:42 and 1:17 in the East and Central Himalaya, respectfully. 9 

We show that Himalayan rock glaciers constitute hydrologically valuable long-term water stores. 10 

In the context of ongoing glacier recession and mass loss, their relative hydrological value in 11 

mountain regions will likely increase and deserves greater study.   12 

 13 

Main 14 

In High Mountain Asia (HMA), which comprises the Tibetan Plateau and its surrounding 15 

mountain ranges (including the Himalaya, Karakoram, Tien Shan, and Pamir), the cryosphere 16 

forms natural water towers that are integral for ecosystem services provision, and for supplying 17 

multiple societal needs to ~800 million people living in the mountains and surrounding 18 

lowlands1. However, considerable continued glacier mass loss is projected throughout the 19 

twenty-first century2-4. Under high-end climate scenarios, warming that exceeds 2 °C global 20 

average during the twenty-first century (RCP8.5), relative to the pre-industrial period will result in 21 

projected HMA glacier volume loss of ~95% by 2100, relative to the present-day. Volume losses are 22 

driven by an average temperature change of +5.9 °C and +20.9% rise in average precipitation, the 23 

latter increasingly of rain (Fig. 1). Indeed, reductions in snow water equivalent have been 24 

reported for a number of catchments in HMA, particularly during spring and summer5. For the 25 

RCP4.5 scenario, most basins fed by HMA glaciers are projected to reach peak water by ~2050; 26 

2045 ± 17 years (Indus), 2044 ± 21 years (Ganges) and 2049 ± 18 years (Brahmaputra), for 27 

example6. 28 

 29 
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 30 

Figure 1. (a) Ensemble mean glacier volume loss, (b) air temperature change, and (c) precipitation change be-31 

tween the historical period (1980–2010) and the end of this century (2067–2097) over glaciated grid points. 32 

Glacier volume loss projections were derived from simulations made using an elevation-dependent mass balance 33 

scheme in the JULES land surface model under high-end climate change scenarios. JULES has been forced with 34 

seven Coupled Model Intercomparison Project Phase 5 (CMIP5) models downscaled using the HadGEM3-A 35 

atmosphere-only model. N.B. The anomaly (‘hot spot’) present in (b) represents an air temperature change of +8.26 36 

°C, form -6.69 °C (historical period mean 1980–2010) to +1.57 °C (end of century mean 2067–2097). This large air 37 

temperature change is presumed to result from the pixel being snow-covered during the historical period, but land-38 

covered in the future period. Land-covered pixel temperatures are higher due to lower albedo. 39 

  40 

Given the need for strong climate adaptation in HMA, a clearer understanding of all components 41 

of the hydrological cycle in the high-mountain cryosphere is required7. Existing research suggests 42 

that rock glaciers – lobate or tongue shaped landforms comprising a continuous and thick active 43 

layer covering ice-supersaturated debris and/or pure ice, which slowly creep downslope8-11 – 44 

may constitute increasingly important long-term water stores12. Rock glaciers are thought to be 45 

climatically more resilient than glaciers owing to the insulating and damping properties of the 46 

surficial debris; consequently, their relative hydrological importance vs glaciers may increase 47 
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under future climate warming12. Yet, to date, with a few notable exceptions7,13, the hydrological 48 

role of rock glaciers has been afforded little attention compared to both debris-free glaciers14-16 49 

and debris-covered glaciers (ref. 17, and references therein). Indeed, in their recent book chapter, 50 

“Status and Change of the Cryosphere in the Extended Hindu Kush Himalayan Region”, Bolch et 51 

al.18 synthesised and evaluated the state of current scientific knowledge regarding changes in the 52 

high-mountain cryosphere; however, rock glaciers receive minimal attention. Furthermore, while 53 

systematic rock glacier inventory coverage has increased globally, HMA is comparatively data-54 

deficient12. Across HMA, with few exceptions19-21, rock glacier inventories have been conducted 55 

at localised sites, over relatively small spatial scales or are not spatially explicit22-24. Therefore, 56 

the distribution and hydrological significance of rock glaciers remains unknown. 57 

 58 

Brief methods 59 

The primary objective was to compile the first systematic rock glacier inventory for the Himalaya 60 

(Fig. 2); forming an extension to the existing systematic rock glacier inventory for the Nepalese 61 

Himalaya21. The inventory in this study was exhaustive, and generated using freely available, fine 62 

spatial resolution satellite image data (Google Earth Pro) and a 30 m digital elevation model 63 

(DEM) from NASA SRTM Version 3.0 Global 1 arc second data. A ~5% sample of the full inventory, 64 

excluding the Nepalese Himalaya (since sampling was performed in Jones et al.21, and the results 65 

of that study are integrated here), of the rock glaciers from the West Himalaya, Central Himalaya 66 

and East Himalaya was randomly selected and digitised. The dynamic status of landforms was 67 

determined considering their presumed ice content and movement, according to an existing 68 

morphological classification8, established using geomorphic indicators (Table S1). The sampled 69 

landforms were classified as: (i) active landforms, containing ice and displaying proxies for 70 

movement; (ii) inactive landforms, containing ice and not displaying proxies for recent 71 

movement; or (iii) relict landforms, not containing ice nor displaying movement 72 

characteristics8,25. For simplicity, active and inactive landforms are often collectively termed 73 

intact landforms. 74 

  75 

The secondary objective was to calculate rock glacier water volume equivalent (WVEQ) and 76 

assess rock glacier vs glacier WVEQ across a range of spatial scales. As a consequence of the 77 

paucity of detailed sub-surface information for rock glaciers, particularly in HMA, 2-D-area-78 

related statistics (i.e. empirical thickness-area [H-S] scaling relations) using data from the 79 

digitised sample were applied to estimate rock glacier thickness and volume. Empirical H-S 80 

relations can be expressed as ℎ̅ = 𝑐 ·  𝑆𝛽, where mean feature thickness ℎ̅ (m) is calculated as a 81 

function of surface area S (km²) and a scaling parameter c (50) and scaling exponent β (0.2) (ref. 82 

26). Feature volumes were determined by 𝑉 =  ℎ̅  ·  𝑆. WVEQ was subsequently estimated 83 
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through the multiplication of V and estimated ice content (% by vol.) and assuming an ice density 84 

conversion factor of 900 kg m⁻³ (ref. 27). Volumetric rock glacier ice content is assumed to be 40–85 

60% vol. (i.e. lower [40%], mean [50%] and upper bounds [60%]). In order to estimate total 86 

landform area and WVEQ for the Himalaya, (i) the database presented here was amalgamated 87 

with the existing systematic rock glacier inventory for the Nepalese Himalaya21, creating the first 88 

comprehensive systematic rock glacier inventory for the Himalaya; and (ii) the digitised sample 89 

(n = 2,070; this study, n = 933; Jones et al.21, n = 1,137) was extended to the entire population on 90 

a regional basis through the upscaling procedure outlined in Fig. S1. Glacier area and volume data 91 

for the Himalaya were derived from Frey et al.28. The estimated glacier ice volumes that the 92 

WVEQs are based upon were calculated using the GlabTop2 ice-thickness distribution model28. A 93 

full description of our methods and uncertainty assessment is provided in the Supplementary 94 

Information. 95 

 96 

Results and discussion 97 

We identified 24,968 rock glaciers across the Himalaya. Intact and relict rock glaciers accounted 98 

for ~65% (n = 16,334) and ~35% (n = 8,634) of the total identified landforms, respectively, based 99 

on upscaled estimates (Table 1). Approximately 40% (n = 10,060) of the identified landforms 100 

were located in the C-Himalaya, ~30% (n = 7,573) in the E-Himalaya and ~29% (n = 7,335) in the 101 

W-Himalaya (Fig. 2; Table 1). The mean density (n km⁻²) of rock glaciers, when considering 102 

terrain ≥3,225 m a.s.l. (i.e. the lowest mean elevation at the front [MEF] of sampled landforms), 103 

ranges from 0.06 (W-Himalaya) to 0.08 (East Himalaya/Central Himalaya). Across the Himalaya, 104 

rock glacier mean density is 0.05 (intact) and 0.02 (relict) (Table S2). Direct conversion of specific 105 

rock glacier area (ha km⁻²) to specific rock glacier density (%) enables comparison with previous 106 

studies. At 1.05%, specific landform density in the Himalaya is lower than other studies in HMA 107 

(Table S2). For example, a figure of ~1.50% is measured in the Northern Tien Shan 108 

(Kazakhstan/Kyrgyzstan)24, 2.65% in the Zailyiskiy and Kungey Alatau 109 

(Kazakhstan/Kyrgyzstan)29 and 3.40% in the Nepalese Himalaya21. However, as the Tibetan 110 

Plateau constitutes a significant proportion of the terrain ≥3,225 m a.s.l., this may suppress the 111 

specific landform density values presented here. 112 

 113 

 114 

 115 

 116 

 117 

 118 

 119 
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Table 1. Key mean characteristics for intact and relict landforms. 120 

Region Activity No. RGs (%) 
MEF          

(m a.s.l) 
MaxE        

(m a.s.l) 
Area 

(km²) 
Aspect 

No. RGs 
(upscaled) 

E-Himalaya 

Intact 199 53% 5,036 5,158 0.08 NW 3,987 

Relict 179 47% 4,852 4,956 0.06 NW 3,586 

All 378 - 4,949 5,062 0.07 NW 7,573 

C-Himalaya 

Intact 897 67% 4,989 5,220 0.24 NW 6,790 

Relict 432 33% 4,599 4,785 0.14 NW 3,270 

All 1,329 - 4,863 5,078 0.21 NW 10,060 

W-Himalaya 

Intact 275 76% 4,564 4,729 0.15 NW 5,557 

Relict 88 24% 4,312 4,470 0.13 N 1,778 

All 363 - 4,503 4,666 0.15 NW 7,335 

Total 

Intact 1,371 66% 4,911 5,112 0.20 NW 16,334 

Relict 699 34% 4,628 4,789 0.12 NW 8,634 

All 2,070 - 4,815 5,003 0.17 NW 24,968 
MaxE = Maximum elevation of the rock glacier 121 
MEF = Minimum elevation of the front 122 
 123 

 124 
Figure 2. Map of the Himalaya showing the distribution of rock glaciers. Rock glaciers with unclassified 125 

dynamic status (i.e. landforms that were not digitised) are included here for completeness. The total rock 126 

glacier number, rock glacier and glacier WVEQ and rock glacier: glacier WVEQ ratios for the West, Central 127 

and East Himalaya regions are shown. These regions are derived from Bolch et al.30. Note that rock glacier 128 

WVEQ assumes the 50% (average) ice content by volume. The area >3,225 m a.s.l. represents the 129 

lowermost MEF of rock glaciers across the Himalaya. The major river basin boundaries are shown: [1] Amu 130 

Darya, [2] Indus, [3] Ganges, [4] Brahmaputra, [5] Salween, [6] Mekong, [7] Yangtze and [8] Tarim. 131 

 132 

Across the Himalaya, the sampled rock glaciers (n= 2,070) are situated within an elevation range 133 

of 3,225 to 5,766 m a.s.l. (MEF), with 87% found between 4,200 and 5,400 m a.s.l. This is broadly 134 

consistent with that previously reported for the HKH (3,554–5,735 m a.s.l.)22. At the regional-135 
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scale, mean MEFs for the East (4,949 ± 256 m a.s.l.), Central (4,863 ± 372 m a.s.l.) and West 136 

Himalaya (4,503 ± 422 m a.s.l.) demonstrate a decreasing westward trend in rock glacier 137 

elevation across the Himalaya (Table 1; Fig. S2). This trend remains consistent when considering 138 

intact and relict rock glaciers separately (Table 1). We report a pronounced south-to-north 139 

increase in rock glacier MEF across the Himalaya, with rock glaciers found several hundreds of 140 

metres higher on the northern slopes (see also Schmid et al.22) (Fig. S2). As expected, across the 141 

Himalaya intact rock glaciers are located at statistically higher elevations than relict rock glaciers 142 

when considering MEFs (ANOVA: F-value [2, 2064] = 16.19, p = <0.001); Tukey post hoc testing 143 

shows that this finding translates to the regional-scale (W-Himalaya: Diff = 252, p = <0.001; C-144 

Himalaya: Diff: 390, p = <0.001; E-Himalaya: Diff = 184, p = <0.001). Across the Himalaya, intact 145 

rock glaciers are predominantly found above 4,800 m a.s.l. (MEF) (65%) and relict rock glaciers 146 

below 4,800 m a.s.l. (67%). Furthermore, intact rock glaciers are clustered between 4,400–5,400 147 

m a.s.l. (84%) and relict rock glaciers between 4,200–5,200 m a.s.l. (79%). This result provides 148 

validation for the dynamic status classification, given the expected vertical progression of suitable 149 

habitats for rock glacier development and persistence linked to climatic warming since the Little 150 

Ice Age. 151 

 152 

Across the Himalaya rock glaciers are primarily situated on north-facing slopes (Table 1), 153 

particularly clustering around north-western slopes (�̅� = 321°). Regionally, a greater proportion of 154 

rock glaciers are situated within the northern vs southern aspect quadrant (Table S3). Additionally, rock 155 

glaciers situated within the northern aspect quadrant occur at lower elevations than those found within 156 

the southern aspect quadrant (Fig. S3). Figure S3 also illustrates the clustering of rock glaciers around 157 

northerly aspects. The results presented here corroborate the findings of other northern hemisphere 158 

studies, which have detailed similar relationships20,31-33, . Therefore, it is reasonable to assume that 159 

northerly aspects with their reduced solar insolation enable rock glacier formation and preservation at 160 

lower elevations than other aspects, in particular, southerly aspects.    161 

 162 

In the study region, sampled rock glaciers (n = 2,070) have a total surface area of 359.95 km² with 163 

intact and relict landforms constituting 277.78 km² (~77%) and 82.18 km² (~23%), respectively. 164 

Total rock glacier surface coverage is largest in the C-Himalaya (278.70 km²), succeeded by the 165 

W-Himalaya (53.76 km²) and E-Himalaya (27.50 km²). Here, when reporting rock glacier sample 166 

totals, it is important to note the proportionally larger sample size for the C-Himalaya, which is 167 

the result of the amalgamation database presented here with the existing systematic rock glacier 168 

inventory for the Nepalese Himalaya21. Correspondingly, the mean and median surface area is 169 

greatest in the C-Himalaya (�̅� = 0.21 km² and �̃� = 0.12 km²) followed by the W-Himalaya and E-170 

Himalaya (Table 1). Across the Himalaya the area of individual sampled landforms varies between 171 
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3.54 km² and 0.004 km², with 1,069 landforms ≥0.1 km² in area. Onaca et al. 34 speculate that rock 172 

glaciers in the highest mountain ranges are comparatively larger than those situated in lower 173 

mountain ranges, linked to the longevity of active dynamic status. Additionally, given the 174 

importance of debris-supply to rock glacier development and persistence, Hewitt35 notes that as 175 

interfluve height increases, more and larger rock glaciers are likely below it. In the high and 176 

deeply incised ranges of the Himalaya36, it is reasonable to argue that these topographic factors 177 

influence the size of rock glaciers. We report that several rock glaciers have similar areal coverage 178 

to the largest examples found elsewhere; for example, 1.95 km² (ref. 24) and 3.60 km² (ref. 19) 179 

in Central Asia. Furthermore, the area of rock glaciers (�̅� = 0.17 km²) exceeds that of rock glaciers 180 

found in other mountain ranges globally12. In the Himalaya, estimated total upscaled rock glacier area is 181 

3,747 km², representing ~16% of the area covered by glaciers in the same region (22,829 km²). 182 

Regionally, rock glacier coverage ranged between 550.87 km² and 2,109.63 km² in the E-183 

Himalaya and C-Himalaya, respectively. 184 

 185 

We show that the sampled rock glaciers contain an estimated WVEQ of 5.19 ± 1.04 km³ with 186 

upscaled estimates for the population of 51.80 ± 10.36 km³ (Fig. 2; Table S4). Glacier WVEQ in 187 

the Himalaya is estimated to be 1,272 km³ (ref. 28) (Table 2), which translates to a ratio of rock 188 

glacier to glacier WVEQ of 1:244. However, this ratio decreases to 1:24 when upscaled rock 189 

glacier WVEQs are considered.  190 

 191 

Table 2. WVEQs (km³) for rock glaciers (sampled and upscaled) and ice glaciers, regionally and across the 192 

Himalaya (total). Additionally, the rock glacier to ice glacier ratios are directly compared. Rock glacier 193 

WVEQs assume the 50% (average) ice content by volume. Values are reported to two decimal places. Ice 194 

glacier WVEQ data are derived from Frey et al.28. 195 

Region 

Ice-debris landform Ice glacier 
Ratio: rock glacier: Ice 

glacier WVEQ 

Sample 
WVEQ (km³) 

Upscaled 
WVEQ (km³) 

Area  
(km²) 

WVEQ 
(km³) 

Sample  
ratio 

Upscaled  
ratio 

E – Himalaya 0.25 5.06 3,946.00 215.00 1:851 1:42 

C – Himalaya 4.20 31.80 9,940.00 553.00 1:131 1:17 

W – Himalaya 0.74 14.94 8,943.00 504.00 1:681 1:33 

Total 5.19 51.80 22,829.00 1,272.00 1:244 1:24 

 196 
The estimated glacier ice volumes used to calculate WVEQ are calculated from the GlabTop2 ice-197 

thickness distribution model28. However, in the Himalaya, WVEQ ranges between 1,237 and 1,909 198 

km³ depending on the choice of method used to estimate glacier volume28. For the different 199 

methods rock glacier to glacier WVEQ ratios for the Himalaya varied between 1:23 and 1:36 200 
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(Table S5). Regardless of the method chosen, across the Himalaya rock glaciers constitute 201 

hydrologically valuable long-term water stores.  202 

 203 

Conclusion  204 

Here, we have presented the first systematic inventory of rock glaciers in the Himalaya and shown 205 

that there are approximately 25,000 rock glaciers, with an areal coverage of ~3,747 km². A rock 206 

glacier sample (n = 2,070) across the Himalaya showed that ~65% were intact and ~35% relict. 207 

Rock glaciers were estimated to contain a WVEQ of 51.80 ± 10.36 km³; equivalent to between 41 208 

and 62 trillion litres. The comparative importance of rock glaciers vs glaciers (rock glacier to 209 

glacier WVEQ ratio) in the Himalaya was 1:24, ranging from 1:42 to 1:17 in the E-Himalaya and 210 

C-Himalaya, respectively. Additionally, for the first time we evaluate the influence of glacier 211 

model choice on rock glacier to glacier WVEQ ratios. Across the Himalaya rock glacier to glacier 212 

WVEQ ratios ranged between 1:23 (slope-dependent thickness estimation) and 1:36 (V-S scaling 213 

relation [LIGG et al., 1988]). We conclude that rock glaciers within the Himalaya constitute 214 

hydrologically valuable long-term water stores and given continued climatically-driven glacier 215 

recession and mass loss the relative hydrological value of rock glaciers in mountain regions will 216 

likely become increasingly important. Prior to this study, knowledge of Himalayan-wide rock 217 

glacier characteristics were missing, and so our work provides the first scientific baseline from 218 

which Himalayan-wide rock glacier response to climate change can be assessed. 219 

 220 

Methods 221 

Earth observation data 222 

In the Google Earth Pro platform (version 7.1.8.3036), we used publicly available current and 223 

archived satellite image data, including fine spatial resolution CNES/Airbus (e.g., SPOT and 224 

Pleiades) and DigitalGlobe-derived imagery (e.g., Worldview-1 and 2, and QuickBird), to compile 225 

the systematic rock glacier inventory for the Himalaya region. A ~30 m resolution DEM from 226 

NASA SRTM Version 3.0 Global 1 arc second data (see 227 

https://lpdaac.usgs.gov/products/srtmgl1v003/) was used (herein SRTM30 DEM).  228 

 229 

Rock glacier data 230 

A gridded search methodology approach was employed to ensure inventory compilation was 231 

systematic and exhaustive. In ESRI ArcGIS (version 10.6.0.8321), a gridded overlay of 40 km² grid 232 

squares covering the study region was created. This shapefile was subsequently imported into 233 

Google Earth Pro, and each grid square was visually surveyed on an individual basis. Rock glaciers 234 

were identified according to geomorphic indicators (Table S6) and pinned within Google Earth 235 

Pro, and an initial point-based inventory was created for the Himalaya. In ArcGIS, the point-based 236 

https://lpdaac.usgs.gov/products/srtmgl1v003/
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inventory was split into the sub-regions (i.e. W-Himalaya, C-Himalaya and E-Himalaya) as defined 237 

by Bolch et al.30 (Fig. 2). A ~5% sample of the identified landforms from each region (W-Himalaya, 238 

n = 363; C-Himalaya, n = 192; E-Himalaya, n = 378) were randomly selected within ArcGIS. Note 239 

that the Nepalese Himalaya, which constitutes a significant proportion of the C-Himalaya, has 240 

previously been inventoried by the current authors21; therefore, the above-described C-Himalaya 241 

sample was sourced from newly inventoried landforms only – i.e. excludes the existing Nepalese 242 

Himalaya inventory. 243 

 244 

The geographic boundaries of the selected ~5% regional samples were digitised within Google 245 

Earth Pro, forming a polygonised inventory within which more detailed spatial attributes were 246 

measured. Multi-temporal satellite image data were used for this purpose (2000–2019), reducing 247 

mapping uncertainties associated with poor quality image data, affected by long-cast shadows on 248 

steep north-facing slopes, cloud cover and snow cover, for example21. For feature boundary 249 

digitisation, we adopted the approach of Scotti et al.32, as previously applied in Jones et al.21. Here, 250 

the outline of the entire feature surface was delineated, from the rooting zone (i.e. MaxE) to the 251 

base of the front slope (i.e. MEF) (Fig. S4). Where multiple landforms coalesce into a single body, 252 

digitisation was challenging. In this study, “when the frontal lobes of two (or more) rock glaciers 253 

originating from distinct source basins join downslope, we consider the two components as 254 

separate bodies. Where the limits between lobes are unclear and the lobes share other 255 

morphological characteristics (e.g., dynamic status [i.e. degree of activity] and vegetation cover), 256 

we classify the whole system as a unique rock glacier”32. Further, where rock glaciers grade into 257 

upslope landforms, for instance where a rock glacier is gradually developing from a terminal or 258 

lateral moraine, “a clear distinction between the two landforms cannot be set and we delineated 259 

the whole body (i.e. moraine plus rock glacier)”32. Both quantitative and qualitative attributes 260 

were extracted and recorded for each feature in the polygonised inventory (see Table S6). 261 

 262 

In ArcGIS, the present study used the Universal Transverse Mercator (UTM) WGS 84 projected 263 

coordinate system – UTM Zone 43N to 46N – in order to quantify the morphometric 264 

characteristics of all shapefiles (e.g., feature length, width, area [and thus WVEQ]). Digitised 265 

landforms were reprojected to the WGS 84 coordinate system and exported to KML formatted 266 

files. Rock glacier lengths (parallel to the flow) were manually digitised within Google Earth Pro. 267 

Based upon an existing methodology37, in order to account for width variation along the length of 268 

each feature widths (perpendicular to length) were digitised at ~50 m intervals and mean width 269 

calculated in ArcGIS (Figure S4). Landforms were categorised into tongue-shaped or lobate-270 

shaped, where the length: width ratio is >1 or <1, respectfully38. 271 

 272 
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Applying ArcGIS surface raster functions (Zonal Statistics) the digitised landforms were overlaid 273 

onto the SRTM30 DEM and the minimum, maximum, range and mean elevation extracted for each 274 

feature. In ArcGIS, an aspect raster surface was created using the SRTM DEM as the input and 275 

clipped to the digitised feature boundaries. As a circular parameter, feature mean aspect (i.e. the 276 

mean aspect of the raster pixels within each digitised feature) cannot be calculated using simple 277 

zonal statistics (i.e. the mean of 0° and 359° cannot be 180° [Davis, 1986 as cited in Janke et al.39). 278 

The vector mean aspect (θ) was calculated in R (version 3.1.2, R Core Team, Vienna, Austria) using 279 

Equation 1 and categorised into eight classes – N, NE, E, SE, S, SW, W and NW. 280 

 281 

Equation 1. S = ∑sinθ, C = ∑cosθ   θ = arctan
S

C
 282 

 283 

In Google Earth Pro the dynamic status of digitised landforms was determined considering their 284 

presumed ice content and movement, in accordance with the morphological classification by 285 

Barsch (1996), using the geomorphic indicators previously outlined (Table S1). In the present 286 

study, rock glaciers were categorised as relict landforms (no longer contain ice nor display 287 

movement) and active landforms (contain ice and display movement) and inactive landforms 288 

(contain ice but no longer display movement)8,25. Here, rock glaciers refer to intact landforms, i.e. 289 

active and inactive landforms combined.  290 

 291 

As a consequence of the paucity of detailed subsurface information for rock glaciers, 2-D-area-292 

related statistics (i.e. empirical H-S relations) were applied in this study to predict rock glacier 293 

thickness and derive volume. Empirical H-S relations can be expressed as ℎ̅ = 𝑐 ·  𝑆𝛽 , where mean 294 

feature thickness ℎ̅ (m) is calculated as a function of surface area S (km²) and a scaling parameter c (50) 295 

and scaling exponent β (0.2) (ref. 26). Feature volumes were determined by 𝑉 =  ℎ̅  ·  𝑆. WVEQ was 296 

subsequently estimated through the multiplication of V and estimated ice content (% by vol.) and 297 

assuming an ice density conversion factor of 900 kg m⁻³ (ref. 27). Here, a volumetric rock glacier 298 

ice content of 40–60% vol. (i.e. lower [40%], mean [50%] and upper bounds [60%]) was assumed 299 

in accordance with previous studies12,21,26,40,41 – consistent with in situ data derived from different 300 

climatic regions worldwide42-46. 301 

 302 

In the present study, the dataset generated through the application of the above-described 303 

methodology and pre-existing rock glacier inventory of the Nepalese Himalaya were 304 

amalgamated, creating the first systematic inventory of rock glaciers in the Himalaya. In order to 305 

estimate rock glacier area and WVEQ in the Himalaya, the digitised sample (n = 2,070) was 306 

extended to the entire population (n = 24,968) on a regional basis through the upscaling 307 

procedure (Fig. S1). 308 
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 309 

Glacier data 310 

Glacier data for the study region were derived from Frey et al.28. Figure 1 in Frey et al.28 describes 311 

the sources of the original glacier outlines. The estimated ice volumes, which the WVEQs are 312 

based upon, were calculated using the Glacier bed Topography (GlabTop2) ice-thickness 313 

distribution model28. Regional data are presented for the W-Himalaya, C-Himalaya and E-314 

Himalaya using the same geographic boundaries (i.e. Bolch et al.30) as in this study, enabling the 315 

direct comparison of rock glacier and glacier results.  316 

 317 

Uncertainty  318 

In order to quantify the uncertainties associated with the identification, digitisation and 319 

classification of features of interest47, we detailed the degree of ‘uncertainty’ through the 320 

application of a Certainty Index score, adapted from Schmid et al.22, for each digitised feature 321 

(Table S7). Additionally, as arguably the most conspicuous morphological manifestation of 322 

permafrost in high mountain systems, rock glaciers are often strongly associated with the lower 323 

limit of permafrost distribution. Consequently, here values were extracted from the Permafrost 324 

Zonation Index (PZI) – a global index that helps to constrain and visualise areas of likely 325 

permafrost occurrence48 – for each digitised feature, and the agreement between rock glacier 326 

spatial distribution and their associated PZI values was assessed. The uncertainty associated with 327 

the calculation of rock glacier WVEQ using the above-described empirical H-S relation has 328 

previously been discussed at length7. Lastly, the influence of methodology selection upon glacier 329 

ice volume estimations (and thus WVEQs) was quantitatively assessed using rock glacier to 330 

glacier WVEQ ratios related to a range of different approaches: three area-volume relations, one 331 

slope-dependent estimation method, and two ice-thickness distribution models (Table S5).332 
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Supplementary figures 493 

Supplementary Figure 1. Flow diagram detailing the process for (a) upscaling of rock glacier surface area, and (b) 494 

upscaling of rock glacier WVEQ. Both are derived from the digitised sample. 495 

Supplementary Figure 2. MEF of the sampled rock glacier across the Himalaya.  496 

Supplementary Figure 3. Scatterplot of mean aspect (°) against MEF showing the distribution of intact and relict 497 

landforms across the Himalaya. The two dashed lines are 3rd order polynomial fit (upper line: intact landforms; 498 

lower line: relict landforms). 499 

Supplementary Figure 4. Annotated diagram of landform attributes, Nepal (29°06’20.36” N, 83°06’57.39” E). 500 

Image data: Google Earth, DigitalGlobe; imagery date: 05 November 2011. Figure adopted from Jones et al. (ref. 21). 501 
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Supplementary tables 686 

Supplementary Table 1. Geomorphic indicators used to identify rock glaciers and their activity status. 687 

Supplementary Table 2. Rock glacier proportion, proportional area ≥3,225 m a.s.l., rock glacier density 688 

and rock glacier specific area across for the sub-regions of the Himalaya. Where appropriate, values are 689 

reported to two decimal places. 690 

Supplementary Table 3. Regional aspect classification of rock glaciers into north- (292.5 to 67.5°) and 691 

south- (112.5 to 247.5°) facing aspect quadrants. 692 

Supplementary Table 4. Ice volume (km³) and corresponding WVEQs (km³) for both the sampled and 693 

upscaled intact rock glaciers, regionally and across the Himalaya (total). These calculations encompass 694 

a range of ice content by volume estimates with a lower (40%), average (50%) and upper (60%) bound. 695 

Values are reported to two decimal places. 696 

Supplementary Table 5. WVEQs (km³) for ice glaciers derived using different methodologies, 697 

regionally and across the Himalaya (total). The upscaled intact rock glacier to ice glacier ratios are 698 

directly compared for each methodology. Rock glacier WVEQs used in the ratio calculations assume the 699 

50% (average) ice content by volume. Values are reported to two decimal places. Ice glacier WVEQ data 700 

are derived from Frey et al. (ref. 1). 701 

Supplementary Table 6. Attributes recorded for each feature in the polygonised inventory, with 702 

attribute explanation. This table has been adapted from Jones et al. (ref. 2). 703 

Supplementary Table 7. Certainty index applied to each rock glacier. 704 
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Geomorphic Indicator Active Relict 
Surface Flow Structure Defined furrow-and-ridge 

topography3 
Less defined furrow-and-ridge 
topography3 

   
Rock Glacier Body Swollen body4  Flattened body4 

Surface ice exposures5 Surface collapse features (Barsch 
and King, 1975 as cited in Janke et al. 
[ref. 6])  

   
Front Slope Steep (~ >30-35°)4 Gently sloping (~ <30°)4 

Abrupt transition (i.e. sharp-crested) 
to the upper surface7 

Gentle transition (i.e. round crested) 
to the upper surface7 

Light-coloured (little clast 
weathering) frontal zone and a 
darker varnished upper surface8 
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  E – Himalaya C – Himalaya W – Himalaya 

Rock glacier proportion 30% 30% 40% 

Proportional area ≥ 3225 m a.s.l 26% 37% 37% 

Density (n km⁻²)* 0.08 0.08 0.06 

Specific area (ha km⁻²)† 0.59 1.60 0.82 

*Density (n km⁻²) was calculated by considering the regional area ≥3,225 m a.s.l. (MEF of lowest observed 769 
landform). 770 
†Specific area (ha km⁻²) where ‘ha’ reflects rock glacier area, was also calculated by considering the regional area ≥3,225 771 
m a.s.l. The upscaled results were used within calculations of both density and specific area. 772 
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Activity Aspect Quadrant 
Region 

E – Himalaya C – Himalaya W – Himalaya 

Intact 
North (NW, N, NE) 46% 40% 57% 
South (SW, S, SE) 24% 32% 20% 

Relict 
North (NW, N, NE) 62% 58% 57% 
South (SW, S, SE) 13% 19% 18% 
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Region 
Ice content by 

volume 

Sample RGs Upscaled RGs 

Ice volume 
(km³) 

WVEQ 
(km³) 

Ice volume 
(km³) 

WVEQ 
(km³) 

 Lower 40% 0.22 0.20 4.50 4.05 

E – Himalaya Average 50% 0.28 0.25 5.62 5.06 
 Upper 60% 0.34 0.30 6.74 6.07 
 Lower 40% 3.73 3.36 28.27 25.44 

C – Himalaya Average 50% 4.67 4.20 35.33 31.80 
 Upper 60% 5.60 5.04 42.40 38.16 
 Lower 40% 0.66 0.59 13.28 11.95 

W – Himalaya Average 50% 0.82 0.74 16.60 14.94 
 Upper 60% 0.99 0.89 19.92 17.93 

Total 

Lower 40% 4.62 4.15 46.04 41.44 

Average 50% 5.77 5.19 57.55 51.80 

Upper 60% 6.92 6.23 69.07 62.16 
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Attribute Attribute Explanation 

Name Region_Feature No._MM/DD/YYYY* (e.g., WH_1_10/07/2013) 
Region [EH] East Himalaya, [CH] Central Himalaya, [WH] West Himalaya 
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) / 
Mean Aspect (°) 0-359 

Aspect Class N, NE, E, SE, S, SW, W, NW (e.g., 90° = E, 180° = S) 
Max Length (m) / 

Mean Width (m) / 
L:W Ratio Length: width ratio 
Geometry Type Tongue-shaped, Lobate-shaped 
Dynamic Type Active, Inactive, Relict 
WVEQ  (km³) 40% | 50% | 60%  

Index Code See Supplementary Table 7 
Certainty Index Medium_Certainty, High_Certainty, Virtual_Certainty 

* MM/DD/YYYY refers to the satellite image date. 954 
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Parameter 
Parameter Options (Index Code) 

1 Point 2 Points 3 Points 
External Boundary Unclear (OU) 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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