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ABSTRACT ARTICLE HISTORY
A catastrophic flood occurred on 7 February 2021 around 10:30 AM Received 23 July 2021
(local time) in the Rishiganga River, which has been attributed to a Accepted 22 December 2021
rockslide in the upper reach of the Raunthi River. The Resourcesat 2
LISS IV (8 February 2021) and CNES Airbus satellite imagery (9 KEYWORDS

. . . Catastrophic flood;
February 2021) clearly show the location of displaced materials. The S .

o " rockslide; ice-avalanche;

solar radiation observed was higher than normal by 10% and 25% climatic variability;
on 6 and 7 February 2021, respectively, however, the temperature Garhwal Himalaya
shows up to 34% changes. These conditions are responsible for the
sudden change in instability in glacier blocks causing deadly rock-
ice slides that led to the collapse of the hanging glacier as a wedge
failure. The displaced materials mixed with ice, snow, and debris
caused catastrophic floods downstream within no time that
destroyed critical infrastructure and killed human lives. The hydro-
dynamic modelling (HEC-RAS software) shows mean flow velocity
up to 22.4+8.6 m/s with an average depth of 16.3+6.5 m that
caused deadly devastation in the source region and along the rivers
due to the flow of water in the valley.

Introduction

The snow and glaciers in the high mountain areas are good indicators of climate change
and global warming. The ground and satellite remote sensing data have shown retreat of
glaciers and snow lines around the globe in the recent past (Das and Meher 2019; Ding
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et al. 2019; Kumar et al. 2020). The main cause of the retreat is due to growing anthropo-
genic and natural activities in the Indo-Gangetic plains (Singh and Chauhan 2022). A
recent study has shown high variability in precipitation patterns and increased air tem-
perature in the Rishiganga valley around Chamoli (Kumar et al. 2020). Further, the
increasing temperature in the Himalayan region formed new glacial lakes due to thawing
of permafrost that enhanced the frequency of snow avalanches that caused instability of
slopes (Davies et al. 2001; Huggel et al. 2005; Murton et al. 2006; Gruber and Haeberli
2007; Krautblatter et al. 2013; Patton et al. 2019). The mechanical stability of perennially
frozen rock blocks depends on the strength of the intact rock with ice-filled porosity,
slope, the strength of the rock-ice interfaces in fractures, and ice fractures. These factors
change the surface and subsurface temperature from —5°C and 0°C (Davies et al. 2001;
Krautblatter et al. 2013). The physical weathering and freezing-thawing cycle weaken the
intact mechanical strength and cause frequent rockslides, landslides, and avalanches
(Murton et al. 2006). Rock masses are exposed to high levels of rapidly varying stresses.
These evolve due to elevated hydrostatic pressures in perched water above permafrost
bodies and elevated cryostatic pressures deriving from ice segregation (Fischer et al.
2010). The mechanical behaviour, subsidence, and creep of ice-rich debris sites are con-
trolled by the stress conditions (downhill forces and loading), proportional ice and debris
(impurity) content, ice temperature, the water content in the ice, as well as water and heat
supply to the ice body (Budd and Jacka 1989; Arenson and Springman 2005b; Arenson
et al. 2016).

The Himalayan region is one of the highly seismically active regions, and in the
past number of earthquakes have occurred in the Chamoli region (Uttarkashi) that
have caused extensive damages, widespread landslides and snow avalanches (Sahoo
et al. 2000; Nadim et al. 2006; Pradhan et al. 2006; Roback et al. 2018; Meena and
Piralilou 2019; Braun et al. 2020).

Climate change in the high mountain areas plays an important role in the
dynamics of the permafrost and slope instability. It is difficult to carry out ground
measurements to understand the slope instability in the high mountain areas due to
complex and rugged terrain. Although in view of the climate change, it is very
important to monitor the snow/glaciers in the wake of a freezing-thawing cycle that
is responsible for deformation of the surface and subsurface in the high mountain
regions (Davies et al. 2001; Huggel 2009; Huggel et al. 2005). The presence of ice in
the detachment zone of instabilities has been studied (Dramis et al. 1995; Gruber
and Haeberli 2007). Relationship between permafrost dynamics and landslide events
were found in some cases, deduced from a reconstructed thermal field (Davies et al.
2001; Gruber and Haeberli 2007; Kdab et al. 2005; Krautblatter et al. 2013). The
detachment zone of rock-ice avalanches can be correlated with thermal disturbances
caused by the thermal interaction of permafrost and glacial ice and climate change
(Huggel 2009).

On 7 February 2021 a large rock block covered with snow/glaciers was suddenly
dropped from about 5190m (mean height) to the valley floor (~3821m), causing
floods in the rivers. About 204 people were killed or trapped in huge debris (Disaster
Management Division Report, 17 March 2021, Rana et al. 2021). Soon after this
deadly event, efforts were made by the Indian scientists to visit the site and made



GEOMATICS, NATURAL HAZARDS AND RISK 291

helicopter survey (Pandey et al. 2021; Sain et al. 2021) to get overall information
about the disaster.

Soon after the event, high resolution satellite data were analyzed to understand the
triggering mechanism and also damage assessment (Kumar et al. 2021; Martha et al.
2021; Pandey et al. 2021; Rana et al. 2021; Shugar et al., 2021). Using time series sat-
ellite images, an overall downward sliding of the collapsed rock-ice body was found
to be initiated around the summer of 2017 (Kothyari et al. 2021), and thereafter
exhibited clear seasonality (mainly in summer). The analysis of meteorological param-
eters (surface temperature and rainfall) reveals a strong rainfall anomaly in the initi-
ation period of the sliding and a remarkable winter warming anomaly in the 40 days
before the collapse (Zhou et al. 2021). The preliminary analysis of the event indicates
a combination of avalanches and debris flow; possibly due to climatic variability
(Rana et al. 2021). Though, some studies, proposed that this was happened due to
massive rockslide caused due to wedge-failure (Pandey et al. 2021), and seismicity
(Cook et al. 2021; Meena et al. 2021a). The massive rock-ice avalanches caused due
the extreme vertical height and transformed as a disastrous event (Shugar et al,
2021). This deadly rockslide triggered huge amount of water flow in the rivers that
affected the flood plains along the rivers (Meena et al. 2021b, 2021c). The pre-and
post-event satellite images were also used to establish relationship between erosion
and deposition in the river valley and changes in the geomorphic characteristics
(Jiang et al. 2021). Cook et al. (2021) discussed detection and potential of early warn-
ing of catastrophic flow events using regional seismic networks. They have demon-
stared information received about the sequence of falling of rock bodies from the top
of the mountain using seismic network deplyed by the National Geophyical Research
Institute, Hyderabad.

In the present study, our focus is to understand the triggering mechanism of flash
floods due to the collapse of rock-ice blocks. A huge amount of water started flowing
downstream that widened the valley floor, increased flood plains and caused the poor
quality of water (Meena et al. 2021a, 2021b, 2021c). The sudden flow of huge volume
of water flow at the event site after the fall of rock block covered with snow/glacier is
still mystery. This event damaged two hydroelectric projects namely Rishiganga small
hydro project and Hydro Power Project which was under construction by National
Thermal Power Corporation (NTPC) at Tapovan, closed to Raini Village Bridge and
many roads section (Disaster Management Division Report, March 17, 2021). We
made efforts to understand the process of flooding in the lower basins. The main
objectives of the present study are to (i) identify the failure of ice-debris avalanches,
(ii) analyze glacier response concerning the wedge failure near the terminus of the
Raunthi glacier, (iii) simulate the peak discharge using a 1D steady flow model of
HEC-RAS, and (v) assess the flood-induced damage.

Study area

The study area covers latitude 30°16’14.14" N to 30°32°8.86" N and longitude
79°39°59.33" E to 80°2°’17.68" E, located in the Rishiganga River basin of Chamoli
District, Uttarakhand. Rishiganga River is a tributary of Dhauliganga River,
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Figure 1. Location map of the Rishiganga Basin in the Chamoli District of Uttarakhand. The
encircled area shows rockslide/ ice avalanche, dislodged materials that were the principal cause of
catastrophic flood in the Rishiganga Rivers. ERA 5 Grid shows the extent of the dataset used for
the temperature analysis.

confluences the Alaknanda River at Vishnu Prayag (Figure 1). The catastrophic flood
event was originated in the Raunthi stream (Nala) near the terminus of the Raunthi
glacier, which originates from the terminus of the Raunthi glacier and the Nanda
Ghunti (Mountain) glacier at an elevation of ~4064 m (asl). The elevation ranges from
1908 m (asl) at the confluence of Rishiganga with Dhauliganga River to 7817 m (asl) at
Nanda Devi peak. The mountain of the basin lies in the Great Himalayan range. The
topography of the basin is highly precipitous, consists of several peaks, Nanda Devi
(7817 m), Trishul (7045 m), Nanda Ghunti (6309 m), etc. The upper catchment area is
characterized by snow-capped peaks and moraine deposits in the valleys. The lower area
has a deep and traverse river valley occasionally marked as gorges. The Central
Himalayan crystalline rocks (gneisses, migmatites, crystalline schist, thick quartzite with
conspicuous horizons of calc-silicates psammite gneisses) and their upper parts are
responsible for forming the bulk of the metasediments (Valdiya 2002).

Data used and methodology
Meteorological data

We have used daily meteorological data (air temperature and net solar radiation)
from the European Centre for Medium-Range Weather Forecasts (ECMWF) and
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atmospheric reanalyses data of the global climate (ERA5) during 1991-2021 at 9:30
AM (local time) (Copernicus Climate Change Service 2017; Hersbach et al. 2020). We
have also considered real-time meteorological data from the Automatic Weather
Station (AWS) at Tapovan from 1 January to 10 February 2021 (IMD 2021).

Satellite images and digital elevation data

We have used Sentinel-2 data (31 January 2021, 5 and 10 February 2021) and Google
Earth (GE) images for the pre-and post-event analysis. Table 1 shows details of the
data used in the present study. The European Copernicus Sentinel-2A and 2B data
were obtained from a Multi-Spectral Instrument (MSI) that scans the Earth’s objects
at different spatial resolutions (Table 1). We have used 10 m spatial resolution band
8b-NIR, band 4-Red, band 3-Green, and band 2-Blue. The Sentinel-2A and 2B
images have been processed using Sentinel Application Platform (SNAP), a free,
open-source platform jointly developed by Brock Mann Consult, Array Systems
Computing C-S (SNAP; http://step.esa.int/main/toolboxes/snap/). The High Mountain
Asia (HMA) 8m digital elevation (DEM) was used for the topographic and hydro-
logical analysis (https://nsidc.org/data/hma_dem8m_mos). The HMAS8-meter DEM is
generated using high-resolution optical imagery for the High Mountain Asia glacier
and snow regions (Shean 2017).

Discharge estimation and 1D hydrodynamic modelling

The estimated discharge with debris at 89 m upstream of the Rishiganga dam has been
performed with the water level marks on either bank of the Rishiganga River obtained
from Sentinel-2 MSI image of 10 February 2021 and HMA DEM. The water level at this
location is found to be 2007 m (asl) (Supplementary Figure 1). At this level, the com-
puted channel area, wetted perimeter, and hydraulic radius (r) are 517.9 m?2, 66.3 m, and
7.8 m, respectively. The bed slope (s) at this section is 0.059 m/m. Manning’s equation
(Equation 1) has been used to calculate velocity (v) in m/sec (Thakur et al. 2016).

SO.S % r0.67

V= (1)
n

where ’s’ is bed slope in m/m, ’r’ is a hydraulic radius in m, and ’n’ is the Manning’s
roughness coefficient of the channel (0.04). Thakur et al. (2016) have considered a
value of 0.04 as Manning’s roughness coefficient for the Dhauliganga River channel
by considering the factors such as boulders in the river channel and large debris flow
in the event of glacial lake outburst floods.

Velocity is estimated using Equation (1) to be 24.04 m/sec, and the estimated dis-
charge with the debris is found to be 12,448 m’/sec. We have also carried out 1D
steady flow modelling using HEC-RAS (ver. 5.0.4) and geometry files created by the
HEC-geoRAS tool in ArcGIS (ver. 10.2.2). The energy and momentum 1D steady
flow modelling was carried out using HEC-RAS (HEC-RAS 5.0 hydraulic reference
manual) (Brunner 2016). The computation of 1D steady flow water surface profiles
from upstream to downstream cross-section for a mixed flow regime and rapidly
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