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Abstract 12 

A catastrophic debris flow in the Rishiganga and Dhauli ganga river in Uttarakhand, 13 

India on 7th February 2021 left a trail of disaster. Around 200 people lost their lives, 14 

two hydro-power project were badly damaged and a bridge across the Rishiganga 15 

River was washed off in the event. Study shows that the debris flow is caused due 16 

detachment of 0.59 km2 right lobe of a hanging glacier and resultant ice-rock 17 

avalanche. This right lobe of the glacier was located over a mountain slope having an 18 

average slope of 35o at 4700-5555 m a.s.l. and travelled 12.4 km before hitting the 19 

infrastructure projects.  Role of precipitation, snow cover, land surface temperature 20 

and permafrost processes were investigated for identifying causes of the event. Since 21 

2012, monsoon precipitation and mean annual land surface temperature (LST) 22 

showed significant increasing trend. Snow cover during monsoon months showed 23 

increasing trend and September, October and November experienced decreasing 24 

trend at glacier elevations.  Mean annual LST increased from -0.3 oC in 2012 to a peak 25 

of 0.4 oC in 2016. Central lobe of the glacier advanced during this period and eventually 26 

fell off in 2016 suggesting that the LST warming forced reduction of frictional drag at 27 

the interface facilitating it advancement and eventual dislodgement. Permafrost 28 

modelling suggest warm permafrost below 50 m and conditions favorable for intense 29 

frost cracking at to 10-15 m. At ~40 m depth, the delayed response of 2012- 2016 30 

warming produced peak positive temperature conditions by December and probably 31 

facilitated the formation of thin film of water at the deeper layers acting as a lubricant 32 
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for glacier sliding. It is also suggested that the increase in summer precipitation might 33 

have forced thickening of the accumulation area and thereby increasing the shear 34 

stress for sliding of the glacier. It is proposed that the recent change in the weather 35 

conditions in the region is primarily responsible for this event through geological, 36 

glaciological and permafrost processes. Flood modeling study suggest a flood volume 37 

of ~10 MCM generating 24.5 m flow depth at the bridge site with 12.7 m/s flow velocity.  38 

The event highlighted the need for improved monitoring of the cryospheric areas of 39 

the Himalaya to capture the early warning signs for better preparedness.  40 

 41 

Keywords: Ice-rock avalanche, Debris flow, Rishiganga, Hanging Glacier, Disaster, 42 

Himalaya 43 

 44 

1.0 Introduction 45 

 46 

A devastating flash flood occurred on Rishi Ganga and Dhauli Ganga river, which 47 

initiated from the upper glacier region of Raunthi gad in the Chamoli district 48 

Uttarakhand. The event happened on 7th February 2021 and had a devastating effect 49 

downstream. Flood impact was mainly constrained to the infrastructure project along 50 

the river reach starting from a 13.2 MW small hydropower project across Rishiganga 51 

(2050m a.s.l.) and then dismantling a bridge across the Rishiganga (1985 m a.s.l.) at 52 

the confluence of Dhauliganga. Further downstream at 4 km on Dhauliganga, the flood 53 

destroyed the 520 MW Tapovan-Vishnugad hydropower project (1800 m a.s.l.). The 54 

tunnel under construction for the Tapovan-Vishnugad project become the major 55 

disaster site, more than 50 people lost lives and more than 150 people still missing. 56 

Tapovan dam structure is filled with flood deposits highlighting the amount of debris 57 

brought down by the event. This debris flow in the peak winter month of February 58 

caused strong speculation about the cause of this event. Considering that heavy 59 

snowfall occurred in the region a couple of days ahead, i.e. on 4th and 5th February 60 

2021, therefore an avalanche trigger is suspected as the Rishiganga basin has around 61 

52 glaciers with a 262 km2 glacier area. Five of these glaciers have an area >50 km2 62 

(Sangewar & Shukla, 2009) therefore, the possibility of a glacial lake outburst flood 63 

(GLOF) is also considered. However, a recent glacial lake inventory of the region 64 

prepared as part of an ongoing project under National Mission on Sustaining 65 
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Himalayan Ecosystem (NMSHE) sponsored by the Department of Science and 66 

Technology, Govt. of India recorded 7 glacier lake in the area with none of them is 67 

vulnerable as per standard criteria (Jain, 2021, Under preparation). The high-68 

resolution satellite images on the following day, 8th February (Source: Planet lab, 69 

digital.hbs.edu/platform-rctom/submission/planet-labs-satellite-imagery-to-better-70 

humanity/) given the first insight on the location of the flood initiation point in the 71 

Raunthigad catchment, a tributary of River Rishiganga. It has shown an avalanche site 72 

on the northern slopes at an elevation of 4700-6000 m a.s.l. Subsequent analysis of 73 

the previous day’s images clearly showed that the avalanche occurred during the 74 

intervening period of 6th and 7th. This is followed by the availability of photos taken 75 

during aerial reconnaissance survey conducted by various agencies, which clearly 76 

showed the source area of the avalanche (NTPC, personnel communication). By 77 

tracing back, the site information on google earth images and other satellite images 78 

showed that a “hanging glacier” was occupying the detachment area, which suggested 79 

that the event was initiated as ice–rock avalanche. The right lobe of the hanging 80 

glacier, which got detached, had a length of ~1.6 km and an average width of ~550 m 81 

occupied the northern slope in the Raunthi gad catchment. This hanging glacier of 82 

1.23 km2 area situated at an elevation range of 4695-6000 m a.s.l. and detached right 83 

lobe had an area 0.59 km2. This ice-rock avalanche resulted in massive debris flow 84 

with long-runout distance travelled through 14.35 km along Raunthigad to hit the 85 

hydropower project barrage (HEP-1) and washed off the bridge across River 86 

Rishiganga further downstream. About 7.4 km downstream, the debris flow devastated 87 

the Tapoban barrage. As the event occurred at forenoon time around 11:00 AM, local 88 

residents could capture several live images and videos of the event illustrating the 89 

catastrophic dimensions of the floods (Fig. 1)  90 
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 91 

Figure 1: a) Pre-flood NTPC barrage (HEP 2) at Tapovan, b) Post flood photo showing 92 

severe damage to NTPC barrage at Tapovan C) Site of washed off bridge across 93 

Rishiganga upstream of NTPC barrage D) Site of Rishiganga (HEP-1) project site 94 

Photo courtesy: NTPC and BRO 95 

 96 

This is a very significant event not only in terms of the catastrophic disaster it caused 97 

along its flow path but also in terms of breaking of a large glacier mass which is a very 98 

rare phenomenon in the glaciated regions of the world and more so in the Himalayas. 99 

This event is followed by a previous catastrophic event in 2013 in the same region 100 

known as the “Kedarnath deluge”. The 2013 event was caused by a combination of 101 

factors, including extreme rainfall, sudden snowmelt under excessive rainfall and 102 

breaching of Chorabari lake (Dobhal et al., 2013; Dubey et al., 2013; Allen et al., 2016) 103 

indicate the serious challenges faced by the mountain community in a warming 104 

climate. Hence, understanding the causes leading to this event is of utmost importance 105 

for assessing the disaster potential of the region in particular and also for the entire 106 

Himalayan region. Glacial lake outburst flood (GLOF) is well appreciated as a potent 107 

disaster of glacial origin, and a couple of recent events increased its threat perception 108 

in the region (Komori et al.,2012, Raj et al.,2012, Schmidt et al., 2020, Thayyen, 2020). 109 

Cloudburst is another disaster that is increasingly becoming more regular in the 110 

Himalayan region (Das et al., 2006., Thayyen et al., 2013, Dimri et al., 2017, Kumar 111 
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et al., 2018). Snow avalanche is also identified as a major disaster in the region, and 112 

forecasting and modelling are regular activities. But glacier avalanche is not 113 

considered as disaster component so far in the planning of infrastructure and 114 

development projects as well as regular activities in the higher Himalayan region.  115 

 116 

In the mountainous glacial environments, the catastrophic mass flows are an essential 117 

geomorphic process that may pose a significant hazard to the infrastructure and the 118 

communities living downstream (Patterson, 1994, Evans and Delaney, 2015). These 119 

include a mass movement of glacial debris flows, ice rock avalanches, and outburst-120 

generated flows, occurring at a time when glaciers are shrinking in response to climate 121 

change (Evans et al., 2009, Evans and Delaney, 2015). The 2002 event of Kolka 122 

glacier detachment in the Caucasus mountain, southern Russia, is a livid but rare 123 

example of such catastrophic events (Evans et al., 2009; Haeberli et al., 2004; Huggel 124 

et al., 2005). Closer home, the May 5th 2012 Seti river flood in Nepal initiated by the 125 

detachment of rock mass at the height of 6700m a.s.l. from the south flank of 126 

Annapurna IV and ended up as colossal debris flow (OI et al., 2014; Kargel et al., 127 

2014; Dwivedi and Neupane, 2013; Kim et al., 2017; Hanisch et al., 2013; Bhandary 128 

et al., 2012).  Rockfall induced debris flow of Piz Cengalo, south-eastern Switzerland 129 

in 2017 (Mergili et al., 2020), the 2012 rock–snow avalanche in the Alps, Austria (Preh 130 

and Sausgruber, 2015) and the 2012 multi-lake outburst flood in the Santa Cruz Valley 131 

(Mergili et al., 2018) illustrate the potent threat of such events in the cryospheric 132 

regions of world’s mountains in a warming climate. In most of these events, the 133 

ambiguity remains regarding the accurate flow volumes involved and the mechanism 134 

of flow transformation, water source, etc. A detailed overview of these type of events 135 

could be found in Evans and Delaney (2015).  136 

2.0 Study Area 137 

The Ice-rock avalanche by detachment of the hanging glacier situated at headwater 138 

region of Raunthigad (Lat: 30°22'40.62"N, 79°43'57.66"E) in Chamoli district of 139 

Uttarakhand.  Raunthigad originates from the Trishuli glacier, and the snout of the 140 

Trishuli glacier is around 1.5 km further ahead of the point where the ice-rock 141 

avalanche hit the valley. The Raunthigad catchment has an area of 94 km2 with a 142 

glacier cover of 16 km2. Raunthigad catchment extend from 2380 m a.s.l. to 7120 m 143 

a.s.l. (Trishul peak) and joins with the Rishiganga basin. Rishiganga basin drains an 144 
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area of 686 km2 and has 52 glaciers with 177 km2 glacier cover. For precipitation, 145 

snow, land surface temperature (LST) analysis and assessment of soil thermal regime 146 

fluctuation, we drew an area of interest (AOI) of 3 km2 around the hanging glacier on 147 

the northern slope. The geology of the area comprises of Jutogh, Almora formation 148 

and the area is close to Main Central Thrust (MCT) (WIHG,1992). Quartzite, marble 149 

and garnet, granite gneiss etc., dominate this group. 150 

 151 

 152 

Figure 2: The drainage map of the area showing the Raunthigad catchment and 153 

potential source area of the ice-rock avalanche, Rishiganga catchment and 154 

Dhauliganga and Alakananda rivers further downstream.  155 

 156 

3.0 Methodology 157 

3.1 Area change of the Hanging glacier  158 

Glacier area change is estimated from 1985 to 2020 using satellite images and google 159 

earth images. Table 1 show the satellite data description. Glacier boundary marked 160 

manually, and area change is calculated. The area of the hanging glacier in 1985 is 161 

also estimated from the Survey of India toposheet (53N/11, 1: 50,000).   162 

3.2 Glacier volume estimation 163 
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Glacier volume estimation is carried out using the standard glacier area-volume 164 

relationship: 165 

𝑉 = 𝛼𝐴&                                                                                            (1) 166 

An average value of 1.36 has been arrived for the scaling index γ from depth-sounding 167 

(Bahr et al., 1997) and considered it as a global exponent. We used a volume estimate 168 

of the glaciers from the glacier inventory of the Geological Survey of India (GSI), which 169 

is based on the Muller’s classification, to estimate the scaling constant as the scaling 170 

constant could vary from region to region. We found that for glaciers with less than 2 171 

km2 area, the average scaling constant is 0.024, and for bigger glaciers, 0.027 gives 172 

the best relationship between the variables (Thayyen et al., 2010, Unpublished report).  173 

We used the following relationships to estimate the glacier volume in the present study 174 

for a range of possible glacier volume.  175 

Glaciers < 2km2, V = 0.024 A 1.36       (2) 176 

Glaciers > 2km2, V = 0.027 A 1.36       (3) 177 

Where volume, V in km3 and area, A in km2 178 

 179 

3.3 Land Surface Temperature of Hanging glacier catchment Raunthigad 180 

catchment 181 

Moderate Resolution Imaging Spectroradiometer (MODIS) Land Surface Temperature 182 

(LST) data was accessed from https://lpdaac.usgs.gov/tools/appeears/. All four daily 183 

data points of LST (MOD11A1) from Terra and Aqua satellites (~10:30 AM, 10:30 PM 184 

and ~01:30 PM and 01:30 AM) between 2002 to December 2020 (18 years) was 185 

downloaded. The batches were consolidated separately by clipping over the hanging 186 

glacier area of the Rishiganga basin. LST values in 4 grades with varying error (error 187 

≤ 1K, ≤ 2K, ≤ 3K and > 3K)  188 

 189 

 190 

 191 
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Table 1: Details of data products used in this study. 192 

 193 

has been generated and built a continuous data series by incorporating the less 194 

accurate data in a hierarchical way (Yadav et al., 2020) . The remaining gap is filled 195 

by interpolation. The satellite-derived LST data could vary significantly with the Ground 196 

Surface Temperature (GST) data. To refine the LST data, we used 3 years (2016-197 

2019) of rock temperature data generated in the Ladakh mountain range in western 198 

Himalaya (Fig. S1). Monthly regression equations were developed using the GST 199 

observation and MODIS LST for this site which provided a good match with 200 

observations (R2 = 0.92, Fig. S1b). Using these monthly regression equation (Table 201 

S1), we generated the GST equivalent of LST for the avalanche area for further 202 

modelling of ground temperature regime using the GEOtop model (Endrizzi et al., 203 

2014). 204 

3.4 Precipitation over hanging glacier catchment and nearby stations 205 

Precipitation changes in the region are analysed by using the station observation from 206 

Chamoli (30.293N, 79.56E) since 2000 and GPM IMERG Final Precipitation L3 1 day 207 

0.1 degree x 0.1 degree V06 (GPM_3IMERGDF) (Huffman et al., 2020) (available at 208 

Sl. 
No. 

Data Product Name 
Period of 

Availability 
Spatial 

Resolution 
File 

Format 
Remarks 

1 

Advanced Spaceborne 
Thermal Emission and 
Reflection Radiometer 
(ASTER) Global Digital 
Elevation Model  

- 30 m tiff 
https://asterweb.jpl.nasa.gov/gd
em.asp 

2 High Mountain Asia 8-meter 
Digital Elevation Models 

- 8 m tiff 
http://dx.doi.org/10.5067/KXOV
Q9L172S2 

3 Sentinel-2 

5 Feb, 2021 
(Pre-event); 10 

Feb, 2021 
(Post-event) 

10 m tiff 
https://sentinels.copernicus.eu/w
eb/sentinel/home 

4 Planet labs imageries (as 
screen shots from website) 

3,5 Feb, 2021 – 
09th Feb, 2021 

3 m; 5 m .jpg https://www.planet.com/ 

5 Maxar Opendata Programme 10 Feb, 2021 3 m .jpg 

https://www.maxar.com/open-
data/uttarakhand-
flooding?utm_source=blog&utm
_medium=organic& 
utm_campaign=Uttarakhand 

6 Google Earth Pro data 

1985; 2003; 
2005; 2012; 
2015; 2017; 

2019 

15 cm – 30 
cm 

.jpg 
https://www.google.com/intl/en_i
n/earth/versions/ 
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https://disc.gsfc.nasa.gov/). The daily files from the datasets were clipped to the Ice-209 

rock avalanche site in the Raunthi catchment.   210 

3.5 Snow over change over the hanging glacier area 211 

Accurate snow cover assessment in the monsoon dominated regions of the Himalaya 212 

is a challenge due to persistent snow cover. A new methodology proposed by Singh 213 

et al. (2019) is used to generate the elevation-depended snow cover change since 214 

2000. For generating daily Snow cover area (SCA), MODIS daily Snow cover 215 

products, e.g. MOD10A1 and MYD10A1 version 6 (V6) from Terra and Aqua were 216 

downloaded from the NASA earth data website (https://search.earthdata.nasa.gov) 217 

and re-projected into UTM WGS84 projection. All the initial classes of the downloaded 218 

products are reclassified into three major classes (0=cloud, 1=non-snow, and 2=snow) 219 

as defined in Table S1.  220 

 221 

ALOS World 3D, distributed freely by the Japan Aerospace Exploration Agency 222 

(JAXA) is downloaded to the same extent as MODIS SCPs from the open topography 223 

website (https://portal.opentopography.org/dataCatalog?group=global). Downloaded 224 

ALOS Word 3D DEM is resampled and re-projected using bilinear interpolation to have 225 

the MODIS SCPs projection and spatial resolution. This resampled DEM is then used 226 

for the generating slope direction (Aspect) and elevation Zone map. Aspect map is 227 

classified into four distinct directional classes (North-east, South-east, South-west, 228 

and North-west). DEM is classified into 10 zones with a range starting from <2000 m 229 

as 1st zone, after that, subsequent zones are of 500 m elevation interval up to 6000 230 

m elevation. Elevation of More than 6000 m is classified as 10th zone. Sub watershed 231 

data is generated from the same DEM using open source hydrological analysis tools. 232 

After generating all these files, daily cloud-free SCPs are generated by processing 233 

MODIS SCPs using the methodology proposed by Singh et al. (2019). The 234 

methodology proposed by Singh et al. (2019) consists 5 successive logical steps 235 

consisting of Temporal filtering, Combining Terra and Aqua SCPs, Aspect wise mean 236 

Snowline and No-Snow line altitude conditioning for sub-watershed and elevation 237 

based moving filter. Temporal filtering is employed for the same period as suggested 238 

by Singh et al. (2019) for Himalayan terrain. After completing all the steps, Cloud free 239 

SCPs received from the fifth step are clipped using the study area boundary and 240 

further used to generate elevation zone wise daily SCA (in %) statistics. 241 
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3.6 Modelling of Soil thermal regime  242 

For the past two decades, the soil temperature at the study site was simulated using 243 

the GEOtop (Endrizzi et al., 2014). Only the soil part of the model was used with water 244 

transport disabled. The model was run in a one-dimensional model with a Dirichlet 245 

boundary condition at the top and a Neumann boundary condition at the bottom. The 246 

MODIS land surface temperature was used at the top, and flux of 0.0 W m-2 was used 247 

at the lower boundary. The simulation of soil temperature is carried out for high 248 

diffusivity conditions with a heat capacity equal to 2.25 x 106 J m-3 K-1 and the thermal 249 

conductivity equal to 4.0 W m-1 K-1. Due to the non-availability of parameters, the 250 

model parameters typical to granite rocks available in the literature were used (Drury, 251 

1987; Gubler et al., 2013). The depth of the modelling soil column was kept up to 100 252 

m and was initialised with an initial temperature of -2 ºC. Before analysis, the model 253 

was run 50 times to attain thermal equilibrium (Pogliotti, 2011; Wani et al., 2020). 254 

Further details about the experimental design could be found in Wani et al. (2020). 255 

 256 

3.7 Flood modelling 257 

The design flood hydrograph of the flood event was generated using Soil Conservation 258 

Service (SCS) dimensionless unit hydrograph (DUH) methodology (SCS, 1964; Jeng, 259 

2006; Thayyen et al., 2013). SCS, now Natural Resources Conservation Service 260 

(NRCS) developed a DUH based on the analysis of many watersheds. It approximates 261 

the flow from an intense storm from a small watershed. The SCS hydrograph arbitrarily 262 

has 100 units of flow for the peak and 100 units of time for the duration of flow. The 263 

SCS DUH consists of 37.5% of the total runoff volume before the peak discharge and 264 

the remaining volume after the peak discharge occurs. The total base of the DUH is 5 265 

times the time to peak (Tp). It has 19 constant ordinates that represent percentages of 266 

flow and time. The DUH is scaled to various size storms events using three conversion 267 

factors. To develop the design hydrograph, we required the likely total runoff volume, 268 

storm duration, and stream dimension.  269 

We also attempted one-dimensional unsteady flow hydraulic modelling using HEC 270 

RAS 5.0.7 using the design hydrograph discussed above up to the NTPC site located 271 

at Tapovan to understand the flow velocity and flow depth.  272 
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The freely available digital data of Advanced Spaceborne Thermal Emission and 273 

Reflection Radiometer (ASTER) Global Digital Elevation Model of 30 m resolution is 274 

used to delineate Rishiganga and Raunthigad watersheds, generation of elevation 275 

profiles, drainage lines, x-sections, and other hydrodynamic parameters. Multi-date 276 

remote sensing data of Sentinel-2 for pre-event and post-event were used to assess 277 

the extent of damage due to the event. Sentinel-2 has 10 m ground resolution and 278 

twelve spectral bands of a different wavelength. One scene for each of the pre-event 279 

(6th - 7th Feb., 2021) and post-event (8th – 9th Feb, 2021) of the avalanche initiation 280 

area were used for the analysis. We have cross validated the results using the fine-281 

resolution data (3 m x 3 m) shared by the Planet lab. Further, open data (3 m x 3 m) 282 

from the Maxar technology programme for 10 Feb., 2021 was used for analysing the 283 

post-disaster stream morphology changes from the source area to 23.58 km till HEP-284 

2 site at Tapovan. 285 

 286 

4.0 Results and Discussion 287 

4.1 Area change of the Hanging glacier and early indicators  288 

Like any other glacier, a hanging glacier is a dynamic ice mass with internal flow and 289 

deformation in response to the climate forcing and mass balance regime. As glaciers 290 

move under gravity, the mountain slope on which it sits become a critical factor. As 291 

per the survey of India (SOI) topo sheet of 1984, this hanging glacier had an area of 292 

1.7 km2 which reduced to 1.23 km2 in 2017. The glacier has right, center and left lobes 293 

in which most of the change during these 33 years was recorded at central and left 294 

lobes, with the right lobe remains at its place. This suggests that the right lobe was in 295 

the steady-state condition during this period (Fig.4) with a flat glacier tongue which 296 

flows from 5555 m a.s.l. to 4700 m. The glacier occupied a mountain slope having an 297 

average slope of 35o. The headwall above the bergschrund have a higher slope of 298 

49o. The central part extended from 5788 m a.s.l. to 5500 m at lower margins, and the 299 

left lobe extending from 6040 m to 5180 m a.s.l. The most visible signs of the climate 300 

forcing on a glacier are its area change over a period. From 1984 to 2003, the glacier 301 

area reduced to 1.38 km2 from 1.7 km2 (Fig. 4). 302 
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 303 

Figure 3: Glacier area change since 1984 showing steady-state conditions of right 304 

detached lobe for 33 years and significant area change for left central lobes 305 

 306 

From 2005 the glacier experienced further area loss to 1.27 km2. However, by 2012 307 

central glacier lobe advanced by around 236 m and recorded a corresponding 308 

increase in area to 1.3 km2. The advancement of the central lobe continued during 309 

2013, 2014 and 2015 reached 1.351 km2 in 2015. Overall advancement of the central 310 

part of the glacier from 2005 to 2015 was around 330 m. This central part of the glacier 311 

was sitting over the steep and plain bedrock. A close look at the surface conditions of 312 

the glacier shows a certain degradation of the glacier at ‘C’ area with the development 313 

of multiple cracks in 2012 and 2015 images (Fig. S2).  It suggests that the glacier has 314 

either moved from the quiescent phase to the active phase during the period 315 

(Rothilisberger, 1987) or advanced due to enhanced accumulation.  Between 2016 316 

and 2017, all the glacier area which showed advancement till 2015 has got detached, 317 

and the glacier area reduced to 1.23 km2, recording an area loss of 0.121 km2 and 318 

remain more or less same way till 2020 with little shrinkage of the central part. This 319 

analysis suggests that the central lobe of the glacier was continuingly under recession 320 

during the last 3 decades with surge like advancement and sudden degradation. The 321 

right lobe, which remained in its position through these 33 years, got detached on 7th 322 
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February 2021 and caused the catastrophic flood. Figure 4 shows the detached part 323 

of the hanging glacier and a post-event field photo showing its geometry. This shows 324 

that the glacier is detached from the bergschrund and the sharp edges of the crown 325 

suggest that the glacier was not sliding at its bed which is also indicated by the steady 326 

positioning of the right lobe for the past 33 years. The detachment of the central lobe 327 

in 2016 seems to indicate the vulnerable conditions of this glacier. 328 

 329 

Figure 4: A) Hanging glacier in google earth image of 2017. The detached right lobe 330 

is marked blue. B) Heli photo of 9th February 2021 of the site showing detachment of 331 

the glacier creating an ice-rock avalanche. (Photo courtesy, THDC) 332 

4.2 Glacier volume estimation and other water sources for debris flow 333 

The total area of the Hanging Glacier in 2019 was 1.23 km2, and the area of right lobe 334 

of the glacier, which fell off on 7th in 2019, was estimated to be 0.59 km2 (48%). Using 335 

the area-volume scaling, the volume of the detached part of the glacier is estimated to 336 

be in the range of 11.7 to 13.2 x106 m3. Snow over the glacier is not accounted for this 337 

estimation. Since there was heavy snowfall in the 2019 winter and two days before the 338 

event in 2021, it is suspected that significant snow accumulation happened over the 339 
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glacier. The surface features of the hanging glacier prior to the avalanche in the 340 

satellite image of 5th December 2020 show thick snow accumulation over the glacier 341 

(Fig. S3). The volume of water in the debris flow could be higher as about 14 km runout 342 

stretch of the avalanche, till it joins Rishiganga river was snow-covered and could be 343 

incorporated in the debris flow matrix. Another source of water is the soil moisture as 344 

reported in the events reported earlier from other parts of the world by entrainment of 345 

large quantity of soil and rock (Evans, 2017), eventually turning it into a debris flow 346 

and facilitate melting of the huge glacier ice mass with frictional heat generated during 347 

it high velocity down slope movement.  This particular aspect needed detailed study 348 

and not attempted in this preliminary assessment. 349 

4.3 Ridge and valley slope profile 350 

Figure 5 show the elevation profile drawn from the ridge top of the Raunthi glacier area 351 

to the HEP 2 at Tapovan, traversing a distance of 23.58 km. Above the bergschrund, 352 

a 138 m section with a steep mean slope of 49o connects to the ridge at 5688 m a.s.l.  353 

On the left, the glacier flows down from Raunthi peak at 6063 m a.s.l. The right lobe 354 

of the glacier is 1.6 km long and with a mean slope of 35 degrees with its terminus at 355 

4700 m a.s.l.  The avalanche travelled a distance of 1.95 km through bedrock with a 356 

mean slope of 33o before striking the valley floor 3834 m a.s.l. The Ice rock avalanche 357 

converted into a debris flow during its transport through the valley with 7o mean slope 358 

for another 12.4 km till HEP 1. Between the bridge site and HEP 2 the average channel 359 

slope was 5.6o. 360 
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 361 

 362 

Figure 5: Elevation profile for the stretch between ridge top to HEP 2 at Tapovan. 363 

 364 

4.4 Precipitation over hanging glacier catchment and Raunthi Gad 365 

Precipitation and forms of precipitation, liquid or solid, is critical for glacier behaviour 366 

and thermal regime of surrounding periglacial areas. The southern slopes of the 367 

Himalaya are highly influenced by the monsoon precipitation and show elevation and 368 

topographic dependencies (Bookhagen, 2007, 2010). As this glacier occupied an 369 

elevation of 4695-5550 m a.s.l. It is expected that monsoon precipitation can occur as 370 

rain or snow or as a mixture depending on the prevailing atmospheric conditions. The 371 

Raunthigad catchment, where the glacier is situated, forms the northern boundary of 372 

the monsoon influence zone of the southern slopes (Fig.6 ), and the topographic 373 

control (TC) (Bankim et al., 2020) runs through the northern ridges of  Raunthi gad 374 

reaching up to 7120 m a.s.l. (Trishul peak). This is a critical factor as monsoon 375 

dominated areas of Uttarakhand Himalaya have less than 20% glaciers compared to 376 

the monsoon deficit zone in the north of the TC, suggesting less favourable conditions 377 

of southern slopes for glaciers. This also demonstrated by shallower temperature 378 

lapse rates at the monsoon dominated glacier areas suggesting a high energy system 379 

through latent heat release of precipitating monsoon (Thayyen et al., 2005, Thayyen 380 

and Dimri, 2018, Bankim et al., 2020). Nearest high elevation precipitation station 381 
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located at Chamoli (2640 m a.s.l.) experience annual precipitation in the range of 2659 382 

mm to 850.8 mm. Monsoon precipitation in July and August constituted 53% of annual 383 

precipitation during the 2000-2009 period, which increased to 65% 2010-2017 period. 384 

Annual precipitation shows an increasing trend with a steep increase since 2010 (Fig 385 

7a). Most of this increase is attributed to July, August precipitation (Fig 7b). Satellite-386 

derived precipitation data (GPM) of 2001-2019 for the Raunthi gad ice-rock avalanche 387 

grid show annual precipitation of 1352 mm with 998 mm w.e. (74%) precipitation 388 

occurring in summer months (May to October) and average 354 mm w.e. in during 389 

winter period. Annual precipitation derived from GPM for glacier area also shows a 390 

nominal increasing trend as well as for monsoon months of July, August as 391 

experienced at Chamoli station (Fig 7).  Both the data set suggests an increase in 392 

monsoonal precipitation in the region, especially since 2010. GPM data also suggests 393 

2019 experienced the heaviest winter precipitation since 2001 with 577.7 mm w.e. of 394 

snowfall which is corroborated by snow cover assessment of the region (Mritunjay et 395 

al., 2019).  396 

 397 

Figure 6: Topography control (TC) dividing the monsoon and monsoon deficit zone in 398 

Uttarakhand. Note the location of the Raunthigad catchment and the location of the 399 

avalanche zone southern side close to the TC. (Modified after Bankim et al., 2020) 400 
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  401 

Figure 7: Precipitation over the region showing an increasing trend for the station and 402 

GPM data A) Annual precipitation B) July and August precipitation. 403 

 404 

4.5 Snow cover change over the hanging glacier area 405 

Change in the snow cover characteristics is a critical aspect that alters the temperature 406 

regime of high elevation non-glaciated land surface and dynamics of glaciers through 407 

mass balance. Elevation depended snow cover variations were observed in the nearby 408 

Bhagirathi basin from 2000-2019 period showing declining snow cover trend in 409 

December between 3000-6000 m a.s.l. elevations and an increasing trend in June for 410 

4500-6000 m a.s.l. elevations (Mritunjay et al., 2019).  Snow cover variation is 411 

assessed over the hanging glacier area and elevations as well as for the Raunthigad 412 

catchment using the modified cloud removal algorithm (Mritunjay et al., 2019).  The 413 

study shows an increasing snow cover trend in July and August for elevation band 414 

4000- 5500 m a.s.l. and a declining trend in snow cover in September to November 415 

months for elevation between 4500-6000 m a.s.l. (Fig 8), especially after 2010. The 416 

increase in snow cover is in tandem with the increase in precipitation observed above, 417 

and decrease in snow cover during September, October and November in also match 418 

with the increase in LST observed during these months (section 4.6). Summer snowfall 419 

in lower elevations is always a mix of rain and snow and do not sustain over a warm 420 

land surface in summer for a longer duration.  Daily snow cover assessment shows 421 

short duration snow cover during these summer months. The declining snow cover 422 

trend of September to November support this observation. However, summer snow 423 

on the glacier surface could stay longer, depending on the rain-snow ratio in the 424 

precipitation and could impact the glacier mass balance positively. The declining trend 425 
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in snow cover during pre-winter months and increasing trend in summer monsoon 426 

months becomes highly significant after 2010.  427 

 428 

Figure 8: Elevation-depended seasonal change in snow cover in the glacier elevations 429 

of Raunthi gad showing an increasing trend in monsoon months and decreasing trend 430 

in October, November and December months. Decreasing trend is significant since 431 

2010. 432 

4.6 Land Surface Temperature of Hanging glacier catchment Raunthi gad 433 

catchment 434 

Land surface temperature (LST) of 3 km2 area around the hanging glacier, most of it 435 

covered by exposed bedrock, is studied for evaluating the site-specific LST changes.  436 

The southern slope of the ridge is fully exposed in summer, and the permanent snow 437 

and ice are restricted to the northern slopes close to the ridge elevations.  Mean annual 438 

LST during 2001-2020 range between -0.3 to 0.4 oC period and show a steady rise 439 

from low LST of -0.3 oC in 2012 to 0.4 oC in 2016 (Fig. 9a). July and August months 440 

recorded a maximum LST of 11.5 oC and a minimum of -11.7 in January. LST of July 441 

shows an insignificant negative trend, and August show no specific trend. LST of 442 

September and October represent temperature regime at the end of the water year, 443 

which also shows a significant rise from -1.9 oC in 2009 and 9.1 oC in 2017 (Fig. 9b). 444 

LST increase in September and October months is mainly attributable to the reduced 445 

snow cover in these months. This clearly indicates warmer surface conditions build up 446 

around the hanging glacier area since 2012, facilitating the basal ice melt around the 447 
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margins of the hanging glacier, especially at the lowermost zone, which seems to be 448 

firmly coupled with the bedrock earlier. This can also explain the surge like 449 

advancement of around 330 m noticed in 2015 as basal melting due to warmer 450 

temperature reduces the basal resistance and further warmed up the glacier ice, which 451 

facilitated the enhanced flow of the central lobe of the glacier (Part D in Fig S1). This 452 

advanced section got removed during the 2016-2017 period suggesting this section 453 

probably detached and fell as a block rather than melting away. Considering the LST 454 

warming since 2012, this could be considered as a precursor to the present event. The 455 

rock exposure caused by this event probably helped further the warming of the glacier 456 

frontal area.  457 

 458 

Figure 9: a) Mean Annual LST variation around hanging glacier area during 2002-2020 459 

b) LST variation during July, August, September and October showing a significant 460 

rise from 2012 to 2016 also reflected in October LST. Peak monsoon months show no 461 

increase in LST. 462 
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4.8 Ground thermal regime variation 463 

The response of small glaciers and ice aprons situated over the bedrock on the 464 

mountain slope is impacted by surface accumulation and the thermal regime of the 465 

bedrock. Bedrock warming could lead to basal melting and eventual decoupling of the 466 

glacier from the bed. As this glacier is situated in the elevation band of 4695-6000 m 467 

a.s.l, the possibility of the existence of permafrost areas and its thawing under a 468 

warming climate also could lead to slope failures. Recent studies in the Ladakh 469 

Reference Himalaya suggests permafrost condition above 4900 m a.s.l. Hence, a 470 

preliminary attempt is made to assess the soil thermal regime of the area surrounding 471 

the hanging glacier. In the absence of any ground-based temperature data from the 472 

region, daily refined LST regressed to the ground surface temperature of the 2002-473 

2020 period and used to model the soil thermal regime up to 100 m. The thermal 474 

envelop curve for 20 years under high diffusivity condition suggests that the area has 475 

warm permafrost below 50 m with mean annual rock temperature at 50 m range 476 

between -0.0021 to -0.0031 oC (Fig. S4). The warm permafrost that is defined as 477 

permafrost with temperature at or higher than −1.0 °C (Cheng and Wu, 2007; Wu and 478 

Zhang, 2008; Wu et al., 2010; Changwei et al., 2015). At 40 m, this range changes to 479 

0.0061 to -0.0006 oC suggesting non-permafrost conditions. However, using low 480 

diffusivity values, the region shows permafrost condition at a depth of 10 m with an 481 

annual temperature range of -0.074 to -0.126 oC. The site photos suggest that rock 482 

mass detachment occurred from deeper zones. The standard values of rock 483 

parameters for granite match with the high diffusivity condition. Hence we considered 484 

only high diffusivity values for further analysis. The modelled daily temperature 485 

variations at 10, 15, and 20 m depths show seasonal temperature variations 486 

suggesting the conducive seasonal thermal variation for frost cracking up to 10-15 m 487 

depth (Fig. 10a). Figure 10b shows low amplitude seasonal variations in temperature 488 

at 20 m. This is due to a sustained sub-zero mean annual surface temperature which 489 

converted to high amplitude seasonal fluctuations once the surface temperature 490 

becomes positive and rising since 2012. At 40 m, this variation reflected as sustained 491 

sub-zero (-0.0001 to -0.0006 oC) from 2011 to 2018 period and moved to the positive 492 

regime from 2019 to 2020 up to 0.0052 oC. The delayed response of rising surface 493 

temperature at the deeper layers are clearly illustrated in Figure 11. At 40 m, the 494 

response of temperature increase (2012-2016) reached after a 4year delay. This shifts 495 
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between freezing and thawing regime at this depth under warm permafrost conditions 496 

probably made this depth more vulnerable for detachment. As discussed earlier, below 497 

50 m depth permafrost conditions prevailed during the past 20 years, and depth 498 

between 40 to 50 m provided favorable conditions for the present detachment forced 499 

by warmer weather conditions since 2012 suggesting clear signals of climate forcing 500 

on the present event (Fig. S5). 501 

 502 

Figure 10: a) Modelled monthly mean temperature variation at a) 10,15 and 20 m 503 

and b) 20, 30, 40 and 50 m showing the seasonal changes and delayed warming 504 

towards deeper depths 505 

 506 

As the glacier is placed over the bedrock, significant seasonal variations in 507 

temperature regime are observed, with rock surface temperature rising to 18 oC in the 508 

summer months. The month of October showed a higher rate of warming (Fig. 9a). 509 

This high temperature of the rock mass surrounding the hanging glacier melts the 510 

glacier margins and helps it decoupling from the bed. At 10 m, also peak annual 511 

temperature is the range 0.6 to 0.8 oC and susceptible to melting under prevailing 512 

conditions. The surface warming is particularly sharp in October (Fig. 9b Oct.), 513 

especially during the 2009-2017 period when October LST shows a sharp increase 514 

from 0.8 oC to 5.1 oC. 515 



22 

 

  516 

Figure 11: Delayed response of deeper depth to LST increase from 2012, which 517 

peaked in 2016. A 4year delay at 40 m forced the highest temperature between 40-50 518 

m during December-February. 519 

 520 

Refreezing of this meltwater further melts the basal ice by the latent heat release. 521 

Recurrence of this process over 10 or more years could have widen the rock fissures 522 

and reduced basal adhesion. For thick temperate glaciers, a thin film of water at the 523 

basal zone is very normal, maintained by the pressure melting even in winter months. 524 

At 40 m and below it is observed that an incremental increase in the temperature 525 

during the 2002-2020 period and a sharp increase in temperature at 40 m depth from 526 

sub-zero to 0.008 oC (Fig. S5). This could be a factor that facilitated this event 527 

happening in February. It is possible that the depth assessment of active layer may 528 

vary as we used LST proxy in place GST.  529 

5. Discussion 530 

Considering the deep scar with unknown depth associated with the hanging glacier's 531 

right lobe, which detached on 7th February, 2021, it could be a case related to the 532 

sudden movement of the hanging glacier linked to basal sliding. Glacier ice thickness 533 

and surface slope (α) are the two important parameters determining the basal shear 534 

stress (𝜏(),  535 

𝜏( = 𝜌𝑔ℎ sin 𝛼                                                                        (4) 536 
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where ρ is glacier ice density, g is the gravitational acceleration. In general, glacier 537 

flow constitutes differential movement within the ice by internal deformation and sliding 538 

of the glacier on its bed illustrated by the following equation (Paterson,1994):  539 

𝑢 = 𝐴ℎ012𝑠𝑖𝑛0𝛼 + 𝐵ℎ8𝑠𝑖𝑛8𝛼                                             (5) 540 

u, is velocity under non-steady flow conditions, h is ice thickness, α is glacier surface 541 

slope, and A, B, m and n are constants. The first term represents the differential 542 

movement within the ice, and the second represents the basal sliding. The well-543 

defined geometry of the scar suggests that the glacier was firmly frozen to its bed with 544 

boulder entrainment so far without any basal sliding. The apparent stability of this 545 

particular section that fell off had a well-defined ablation tongue that flowed down to 546 

the lower elevation (4695 m a.s.l.) compared to the central lobe of the frontal glacier 547 

region (5500 m a.s.l.). In the case of basal ice containing rock debris, the effective 548 

basal shear stress is  𝜏( = 𝜏 − 𝜏:, where 𝜏: is the frictional drag stress counteracting 549 

the shear stress (Paterson,1994). In the present case, it could be the case of 𝜏( 	< 	 𝜏: 550 

prior to this event that held the glacier firmly in its place so far. The basal drag stress 551 

is formulated as (Sohomaker,1988, cf: Patterson): 552 

𝜏: = 𝜇𝐵𝐶𝜂𝑤A                                                                (6) 553 

where µ is the coefficient of rock-rock friction, C is the debris concentration, B is a 554 

parameter with dimension m-1 describing the characteristic of the bed, ɳ is effective 555 

viscosity of ice and ŵ is the average component of ice velocity perpendicular to the 556 

mean bed. Survey of India toposheet ,1984 mapped this glacier covering 1.7 km2 of 557 

area, While the central and left lobes receded significantly during 1985-2017 (Fig. 3). 558 

The left lobe, which detached, showed no recession or advancement, suggesting that 559 

this section probably remained under steady-state flow conditions during the period. 560 

Thus the equilibrium condition is governed by (Patterson, 1994): 561 

−𝜌𝑔ℎ BC
BD
𝛿𝑥 + (𝜌𝑔ℎ sin 𝛽)𝛿𝑥 − 𝜏(𝛿𝑥 = 0                                                    (7) 562 

 563 

This condition facilitates “over deepening” especially if the glacier occupies bed rock 564 

with a steep slope and provide vulnerable zones under prevailing geology. The Main 565 

Central Thrust (MCT) run close to the Raunthi catchment and is tectonically highly 566 

active under the zone-5 category. Hence, for the last more than hundred years, glacial 567 
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processes over this fragile zone might have facilitated significant over deepening 568 

under this glacier. The overdeepening of the glacier bed occurs as shear stress at the 569 

bed is determined by the surface slope. Ice flow is in the direction of maximum surface 570 

slope, even if the bed slope is in the opposite direction (Patterson, 1994), if such a 571 

situation exists due to local geological factors. The overdeepening occurs most where 572 

maximum ice flow occurs and that usually happens at the equilibrium Altitude (ELA) 573 

for small glacier with a steep slope.  574 

It is observed in some instances that the product of erosion can build up at the glacier 575 

bed, and lips of cirque and over deepening are coated in sediments (Hook, 1991 and 576 

Alley et al., 1999). The erosional process at the glacier bed is modelled by MacGregor 577 

et al., 2009 as below: 578 

𝜀̇ = (𝐶M × 𝜓PQB × 𝑢PRSBQ
T ) + (𝐶U × 𝑢PRSBQ × sin𝛽) − V𝐶W × (tan 𝛼/(2 × tan 𝛽))\        (8) 579 

the first term represents abrasion, the middle term represents quarrying, and the third 580 

term represents negative feedback on quarrying based on local thickness of sediment 581 

(till). In the present situation, abrasion was not probably taking place as sliding of the 582 

glacier over long period of time is the pre-condition for significant abrasive erosion. 583 

Here, plucking or quarrying is the dominant process where the overdeepening process 584 

already provided significant rock mass attached to the glacier body, and any situation 585 

facilitating or initiating glacier sliding can move the material. Quarrying is a function of 586 

slope, and sliding velocity (MacGregor, 2009) and the steep slope of the present 587 

glacier is a facilitating factor for the process. These are long-term glacial processes 588 

under which glacial landforms are formed and well established in the glaciology 589 

literature. Here, the changes in the regional climate as we observed during the past 590 

20 years probably played a critical role in facilitating the sliding of the glacier leading 591 

to the ice-rock avalanche due to glacier detachment.  592 

5.1 Role of recent changes in the regional climate 593 

Recent warming at the high elevation region seems to have resulted in the differential 594 

response at two closely placed elevations. Increased precipitation in summer 595 

monsoon months of July and August as evident from the precipitation data is one of 596 

the critical factors. Part of this increased precipitation falls as snow, as evident from 597 

the snow cover assessment as glacier elevations show an increase in snow cover 598 
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during July and August. This monsoon snow over the non-glacier area melts away 599 

faster in a warm ground thermal condition as July and August LST range between 12 
600 

oC to 17.9 oC. This situation leads to an observed decreasing trend in snow cover in 601 

September, October and November (SON) months and a corresponding increasing 602 

trend of LST in October. The impact of reducing snow cover in the region is also 603 

reflected in the cancellation of the Auli (a nearby ski slope) winter games in 2012, 604 

2013, 2015 and 2016 (https://bit.ly/38MfFgz). The snow that falls over the glacier, 605 

especially in the higher elevation, reduces the glacier melt and eventually increases 606 

the glacier thickness in the accumulation zone, forcing incremental shear stress over 607 

the glacier and at the glacier bed, facilitating faster movement. On the other hand, 608 

increasing ground thermal regime due to regional warming, reduction in snow cover 609 

and exposure of more bedrock area due to glacier wastage all facilitate increased 610 

basal melting, especially at the glacier margins leading to reduce the basal adhesion 611 

facilitating the glacier sliding. Permafrost identified in the area also played a crucial 612 

role in facilitating the ice–rock avalanche. Changing active layer dynamics of the 613 

permafrost under warm land surface conditions could enhance the frost cracking of 614 

the bedrock fissures. Additional water from enhanced monsoon precipitation over the 615 

region might have exacerbated these processes by providing more water to the 616 

system. Annual freezing and thawing of the ~40 m active layer under warmer and wet 617 

conditions probably exacerbated the weakening of the basal adhesion. In some 618 

situations, frost cracking is found to be most active under a Mean Annual Ground 619 

Surface Temperature (MAGST) between +4 oC and - 7 oC (Savi et al al., 2021). In the 620 

present case, the LST proxy of MAGST range between-0.3 to 0.4 oC and remain within 621 

the zone of active frost cracking.  622 

 623 

The effect of the enhanced ground thermal regime since 2010 is evident and visible at 624 

the glacier zones where the glacier is not anchored over the bedrock as seen in the 625 

advancement of the central lobe of the glacier sitting over the plain bedrock surface in 626 

2012 with reference to its 2005 position. Development of thin film of basal water due 627 

to warming of the ground thermal regime as showed earlier could change the bed 628 

characteristics, B (Eq. 6) and lubricate the ice-bedrock interface and reduce the rock-629 

rock friction, µ allowing the basal slip to happen. Hence, an increasing trend in the 630 

mean annual LST, especially from 2008 to 2016, from -0.2 oC to 0.4 oC could be a 631 

critical factor as it further translated into the warming of ground thermal regime and 632 
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associated basal and glacier margin melting. This is clearly visible in the advancement 633 

of the central lobe of the glacier (2012-2015) facilitated basal sliding without any 634 

significant basal drag due to basal melting because of warming bedrock coinciding 635 

with the LST warming. This resulted in an advancement of 220 m between 2005 and 636 

2012, which increased to 264 m in 2013 and 320 m in 2015, and eventually the 637 

detachment of about 435 m long section between 2015 and 2017 (Fig. 3). Bedrock 638 

slope in the range 33o probably assisted this process.  Around 0.121 km2 of the central 639 

lobe got detached probably in 2016 associated with the highest mean annual LST 640 

recorded since 2002. Modelling results shows (Fig. 11) that the 2016 LST peak 641 

propagated down and resulted into increase in thermal regime at 40 m with a lag of 642 

four years. Hence, we think both these events are closely linked to the 2016 peak 643 

temperature preceded by the warming taking place since 2012. Therefore, this 644 

detachment in 2016 was a clear warning sign of the deteriorating health of the 645 

cryospheric system which culminated in the present disaster. 646 

When recently exposed, bedrock undergoes sudden seasonal temperature variations 647 

leading to higher thermal stress, which may increase its susceptibility to rock break 648 

down (Wegmann et al., 1998, Fischer et al., 2006., Huggel et al., 2012). Under these 649 

facilitating conditions, 2019 experienced the heaviest snowfall in the last 20 years 650 

(Mritunjay et al.,2020), which could have accumulated a significant amount of snow 651 

over the glacier. Further, heavy snowfall on 4th and 5th February 2021 also added more 652 

amount of snow over the glacier. The image just a day before the event shows thick 653 

snow accumulation over the glacier, especially above the bergschrund. Such thick 654 

snow over the non-glaciated region leads to an eventual warmer ground condition in 655 

the winter months compared to snow-free conditions due to the insulation character of 656 

the snow. This reflects a lower freezing index of GST during high snow condition as 657 

compared to low snow condition (Thayyen et al., under review). Therefore, the 658 

seasonal snow accumulation preceding the event might have provided a warmer 659 

condition around the frontal margins of the glacier. On the other hand, deeper layers 660 

of bedrock up to ~40 m were warming as a result of delayed response to LST increase 661 

recorded between 2012-2017. Figure 11 shows the lag associated with thermal regime 662 

change between the top and bottom layers of the bedrock. The increase of soil 663 

temperature of 40-50 m depth initiated in 2012 show highest values in December 2020 664 

(probably persisted through February 2021), probably producing conducing warm 665 
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environment to develop and sustain thin film of water which reduced the bedrock 666 

friction. The additional mass from snow accumulation from the latest storm might have 667 

provided the final trigger leading to the devastating ice–rock avalanche on 7th February 668 

2021. Bringing together all the information generated in the study, we propose the 669 

possible geometry and process, which led to the detachment of the right lobe of the 670 

hanging glacier (Fig.12).  The process is related to glacier headwall erosion and 671 

matches closely with the modelling result of glacial erosion focusing on abrasion and 672 

plucking (Fig. 12C) (MacGregor et al.,2009). It is to be noted that the spatial and 673 

temporal scale of the model varies significantly. However, it gives a good 674 

understanding of the processes and highlights the need for such modelling effort in 675 

the region for small glaciers.  This process of headwall erosion is exacerbated by the 676 

recent warming of the ground surface, frost cracking and permafrost thaw and 677 

facilitated by increased water availability in the form of increased summer monsoon 678 

precipitation and reduction in early winter snow cover. We also propose that the glacier 679 

probably gained mass at the accumulation zone owing to the increased summer 680 

snowfall. Small glaciers are more susceptible to climate fluctuations and respond 681 

faster to the changes. This has been illustrated by recent studies in the region, which 682 

suggested small glaciers are losing more mass than big glaciers in recent times 683 

(Bhambri et al.,2012; Riyaz et al., 2017; Bankim et al., 2020). This event highlighted 684 

the need for improved monitoring of Himalayan cryospheric systems as complex 685 

interlinking snow, glacier, permafrost, geology, and climate causes such catastrophic 686 

events.   687 

 688 
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 689 

 690 

Figure 12: Schematic sketch of hanging glacier geometry and possible detachment 691 

process.  692 

 693 

 694 

5.2 Post-event analysis of stream morphology 695 

After the ice-rock avalanche of the Raunthi hanging glacier, it is suggested that the 696 

glacier has melted under frictional heat as it accumulated snow, soil and rocks on its 697 

way downstream and eventually turned into debris flow as it approached the 698 

Rishiganga confluence. Further data and studies are required to rebuild the sequence 699 

of events unfolded and establish its scientific basis. What certain today is the ice 700 

avalanche by a hanging glacier and resultant flood. Snow and soil moisture could add 701 

to the floodwaters. A detailed study is required to see if there was any other source for 702 

flood water. In the absence of clarity on these aspects, we focussed on the analysis of 703 

stream morphological changes between pre-event (used ASTER DEM) and post-704 

event (used MAXAR) made of high-resolution spectral images. HEC-RAS 5.0.7 was 705 

also used to develop the terrain model of the DEM before generating the stream 706 

geometry, bank lines, and flow paths. The stream length from the strike point to the 707 

bridge is 13.72 km. Due to debris flow from the ice-rock avalanche, a significant 708 

change in the post-event stream width was found. A comparison was made on the 709 
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surface area of the stream section for the entire length up to the confluence with 710 

Dhauliganga through carefully digitising the pre-event and post-event bank lines. It 711 

was found that the cumulative pre-event stream width for 13.72 km long stretch was 712 

around 50-100 m with a surface area of 0.697 km2, whereas the post-event channel 713 

width increased about 200-250 m with about six-folds increase in the stream surface 714 

area (4.22 km2). Figure 13 shows the post-event massive scouring after the initiation 715 

point at Raunthi gad. Figure 13b shows no features indicating flood occurrence from 716 

the Trishul glacier area. However, a detailed field investigation is necessary to confirm 717 

this finding. 718 

 719 

Figure 13: Images showing a) Pre-event stream width (marked light blue) and Post-720 

event scouring (Yellow). The location of the hanging glacier and strike point at 721 

Raunthigad (marked red) and the stream reach upstream of strike point (marked blue), 722 

showing no signs of activities ruling out any flood originating upstream of strike point. 723 

5.3 Flood modelling  724 

Developing flood hydrograph originating from such an event is a challenging job. A 725 

number of approximations are required for broad understanding at this early stage. 726 

Here, we used estimated glacier ice volume as the main input. Glacier ice volume 727 

estimated as 11.7 to 13.2 x106 m3. Additionally, snow and soil moisture from the 3.48 728 

km2 flood channel area also might have contributed to the final flow volume. As the 729 

flood moved downstream in the Raunthigad, it transformed as debris flow by 730 
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incorporating the scoured material along the river reach. Here we are limiting our 731 

estimate to a conservative volume of 10 MCM. The generated hydrograph suggested 732 

that the peak flow reaches about 5555 m3/s within a period of 20-25 minutes. (Fig. S6).  733 

Considering the lack of understanding of the flood generating mechanism at this stage, 734 

we consider that the flood acquired its full dimensions about 1 km upstream of the 735 

confluence. Taking the generated flood hydrograph as input, we further attempted one-736 

dimensional unsteady flow hydraulic modelling using HEC-RAS 5.0.7 up to the NTPC 737 

site located at Tapovan (1800 m a.s.l.). We understand that the flow was 738 

supersaturated with debris and ice blocks as learned from local people and could differ 739 

with natural streamflow. Specialised debris flow modelling would have been more 740 

appropriate under these conditions. The present exercise will provide us with the likely 741 

inundation caused due to such a massive flow (~10 MCM), which can be compared 742 

with the post-satellite images capturing the inundation.  743 

The HEC-RAS model is set up to simulate flow along the part of the Raunthigad, 744 

Rishiganga and Dhauliganga. The model result of flow depth, velocity, and maximum 745 

water spread elevation is shown in Figure 14. The modelled flood covers the flood 746 

channel in a good measure across the channel reach, as seen in the post-event 747 

satellite image. The maximum flow depth and velocity simulated utilising the design 748 

hydrograph at prominent sections are presented in Table 2. The modelled maximum 749 

flow depth and flow velocity reached 33 m and 27 m/s at some cross-sections during 750 

simulation, indicating the catastrophic nature of the flood. The flow depth and flow 751 

velocity at the bridge location were estimated to be 24 m and 12 m/s, respectively. 752 

This bridge is completely washed away during the event. The intensity of flow 753 

gradually diminished and reached about 8 m/s at HEP 2 at Tapovan. The estimated 754 

flow depth at HEP 2 is 17 m. This analysis provides a first-order estimate of the flood 755 

volume without considering entrained debris with the flow. Better dimensions and 756 

strength of the debris flow can be modelled separately. 757 

Table 2: Maximum flow depth and probable maximum velocity at locations where the 758 

flood damaged the structures. 759 

Channel sections Flow depth (m) Flow velocity (m/s) 

HEP-1  19.7 7.3 

BRO Bridge  24.2 12.7 

HEP-2  17.7 8.5 
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  760 

Figure 14: HEC-RAS model set up to simulate flow along the cross-section up to 761 

Tapopan hydropower site 762 

 763 

 764 

 765 

Summary observations 766 

• The event is caused by a complex process involving local geology, snow, glacier, 767 

permafrost processes and recent warming of the local climate. 768 

• Regular monitoring of glacier change would have been helped to identify the 769 

earlier advancement and eventual detachment of the central lobe of this hanging 770 

glacier in 2016 and could have served as an early warning. 771 

• Such precursors are common in the Alps and other mountain regions, suggesting 772 

an early warning and preparedness is possible in such conditions. 773 

• This event highlighted the vulnerability of the Himalayan cryospheric system to 774 

the present warming. System response is building over a period of time due to 775 

increased summer precipitation, elevation-depended snow cover change, 776 

warming of land surface exacerbated by the seasonal response of reduced snow 777 
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cover. Delayed response of deeper ground to surface warming, mass balance 778 

fluctuations due to increase in summer precipitation etc.  This added a new 779 

disaster component in the Himalaya, warranting its regular monitoring at least in 780 

the area surrounding infrastructure or development projects, including tourism 781 

areas. 782 

• Monitoring the change in precipitation and its form in the high elevation 783 

cryospheric areas of the Himalaya is critical for assessing the climate change-784 

related glacier responses. Elevation depended snow cover change produces a 785 

warmer environment surrounding the glacier terminus.  786 

• The response of small glaciers needs regular monitoring as it is more susceptible 787 

to changing climate as it  respond faster. Also regular monitoring of similar type 788 

of glaciers, if any in the region, is required to avoid such type of disasters in 789 

future. 790 

• Permafrost studies, including monitoring of ground surface temperature (GST) 791 

and modelling of the ground thermal regime, will provide an early indicator.  792 

Permafrost elevations in this area and most of the Indian Himalayan Region is 793 

not known, which will further aggravate the risk of the high elevation cryosphere 794 

region under a warming climate. 795 
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Figures

Figure 1

a) Pre-�ood NTPC barrage (HEP 2) at Tapovan, b) Post �ood photo showing severe damage to NTPC
barrage at Tapovan C) Site of washed off bridge across Rishiganga upstream of NTPC barrage D) Site of
Rishiganga (HEP-1) project site Photo courtesy: NTPC and BRO



Figure 2

The drainage map of the area showing the Raunthigad catchment and potential source area of the ice-
rock avalanche, Rishiganga catchment and Dhauliganga and Alakananda rivers further downstream.



Figure 3

Glacier area change since 1984 showing steady-state conditions of right detached lobe for 33 years and
signi�cant area change for left central lobes

Figure 4

A) Hanging glacier in google earth image of 2017. The detached right lobe is marked blue. B) Heli photo
of 9th February 2021 of the site showing detachment of the glacier creating an ice-rock avalanche.
(Photo courtesy, THDC)



Figure 5

Elevation pro�le for the stretch between ridge top to HEP 2 at Tapovan.



Figure 6

Topography control (TC) dividing the monsoon and monsoon de�cit zone in Uttarakhand. Note the
location of the Raunthigad catchment and the location of the avalanche zone southern side close to the
TC. (Modi�ed after Bankim et al., 2020)

Figure 7

Precipitation over the region showing an increasing trend for the station and GPM data A) Annual
precipitation B) July and August precipitation.



Figure 8

Elevation-depended seasonal change in snow cover in the glacier elevations of Raunthi gad showing an
increasing trend in monsoon months and decreasing trend in October, November and December months.
Decreasing trend is signi�cant since 2010.



Figure 9

a) Mean Annual LST variation around hanging glacier area during 2002-2020 b) LST variation during
July, August, September and October showing a signi�cant rise from 2012 to 2016 also re�ected in
October LST. Peak monsoon months show no increase in LST.



Figure 10

a) Modelled monthly mean temperature variation at a) 10,15 and 20 m and b) 20, 30, 40 and 50 m
showing the seasonal changes and delayed warming towards deeper depths

Figure 11

Delayed response of deeper depth to LST increase from 2012, which peaked in 2016. A 4year delay at 40
m forced the highest temperature between 40-50 m during December-February.



Figure 12

Schematic sketch of hanging glacier geometry and possible detachment process.



Figure 13

Images showing a) Pre-event stream width (marked light blue) and Post-event scouring (Yellow). The
location of the hanging glacier and strike point at Raunthigad (marked red) and the stream reach
upstream of strike point (marked blue), showing no signs of activities ruling out any �ood originating
upstream of strike point.

Figure 14

HEC-RAS model set up to simulate �ow along the cross-section up to Tapopan hydropower site
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