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Abstract

The monsoon-dominated north-western region of the Garhwal Himalaya is highly
susceptible to hydro-metrological disasters due to its location, physiography, climate and
high-energy environment. The landform mapping, terrestrial records, and multispectral
satellite data depicted that the glacier in the north-western Garhwal Himalaya region
has been retreating for the last 150 years at varying rates over time and space. On June
16-17, 2013, almost 500 times more precipitation was observed in the north-western
Garhwal Himalayan region due to the fusion of the monsoon trough and western
disturbances. The availability of supra-glacial lakes within the vicinity of the Gangotri
glacier and subsequent heavy precipitation associated with the Uttarakhand disaster
resulted in a retreat of 57+21.23 m on the right flank of the Gangotri glacier due to
either detachment or calving effects. The retreat between May and August 2013 is
almost equal to the retreat between the last thirteen years, from 2000 to May 2013.
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1. Introduction

The Himalayan glaciers have been continuously retreating since the end of the Little
Ice Age (LIA) (Bhambri and Bolch, 2009; Deswal et al., 2023; Mayewski et al., 1980;
Raina, 2004). Many Himalayan glaciers have shown rapid retreating patterns
(Bolch et al., 2008), and many glaciers have had stable fronts since 2000 (Bahuguna
et al., 2014; Kulkarni et al., 2007). The aforementioned irregular behaviour of the
Himalayan glaciers in general could be attributed to glacier topography (Oerlemans,
1989), climatic systems of the region (Kargel et al., 2005), glacier hypsometry and
geomorphological characteristics (Furbish and Andrews, 1984), glacial surface
characteristics and supraglacial debris (Scherler et al., 2011) and their morphological
properties(Mehta et al., 2014) and their sizes and response time. However, glaciers are
sensitive to both internal and external factors, high-energy metrological events and
land surface processes, and their dynamics within the vicinity of the glacier terminus
or a combination of all the factors mentioned above have the potential to accelerate or
decelerate the glacier retreat. The high-energy Himalayan environment, metrological
triggering, and topographical factors all together resulted in a massive disaster on
June 16-17, 2013, in the Garhwal region of the western Himalaya, named the
'Uttarakhand Disaster'. Present study accessed the impacts of ‘Uttarakhand Disaster’
on the frontal dynamics of the Gangotri glacier with remotely sensed data and

field-based verification.

2. Study Area

The Gangotri glacier is located in the north-western region of the Garhwal Himalaya
in the western Himalayan region (Figure 1). The Gangotri is the main and largest
glacier of the Bhagirathi Basin; it originates from a narrow and large depression along
the northern slopes of Chaukhamba peaks; and avalanches mainly feed the

accumulation glacier mass.
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Figure 1 : Map of the study area in the Upper Bhagirathi Basin, Uttarakhand

The Gangotri glacier is about 30.2 k.m. long with a glacier-covered area of about
120 km?, ranging from 4000 m.a.s.l. to 7036 m.a.s.l. (Raina, 2004). The holy river
Ganga originates from Gaumukh, the snout of the Gangotri glacier, at an elevation of
4050 metres (Figure 1), which is an important source of life and livelihood for
millions of peoples living in mountain and downstream.

3. Data Source & Methods

The distribution of precipitation over time and space during the Uttarakhand Disaster
(short and long duration) has been accessed from the Tropical Rainfall Measuring
Mission (TRMM) data, obtained from the Giovanni portal of NASA. Snout mapping
of the Gangotri glacier has been performed with the help of Multispectral Landsat
Satellite Data from 2000 to 2013, but Sentinal-2A data has been used for snout mapping
since 2017. Further details of the data, sensor, scene ID, acquisition date and spatial
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resolution are given in Table 1. Extensive fieldwork was carried out in 2013 (May 17-27,
2013) and 2015 (May 21-June 7, 2015) for the ground truthing, collection of GCP and
terrestrial records of the glacial dynamics in the Gangotri region.

However, the dynamics of the terminus of the Gangotri glacier have been mapped
through manual digitization of the multispectral data. However, the mean retreat was
measured through the overlaid line with a horizontal distance of 50 metres as per
methodology (Bhambri and Bolch, 2009; Bhambri et al., 2011; Chand and Sharma,
2015), as represented in figure 2. The remotely sensed data has been processed,
and glacier retreat length and area have been measured 1with the help of QGIS and
R software.

Table 1: Details of the Satellite Data used for the Present Study

Data Scene ID Acquisition Spatial
Type date Resolution
Landsat
STM LT05_L1TP_145039_20000923_20201029_02_T1 23.09.2000
30*30m
LC08_L1TP_145039_20130522_20200912_02_T1 22.05.2013
Landsat 8
OLI/TRIS LC08_L1TP_146038_20130801_20200912_02_T1 01.08.2013
1.06.2013
TRMM TRMM_3B42RT_Daily_7 10- 0.25°
17.05.2013
Sentin- S2A_OPER_MSI_L1C_DS_
14.10.2017 10 *10
al-2A SGS__20171014T104205
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Figure 2 : Glacier outlines delineated from different satellite data and
overlaid line with 50 m horizontal distance

4. Uttarakhand Disaster

The northwest Garhwal Himalayan region is highly vulnerable to Hydro-metrological
disasters due to its geographical location, physiography, orographical forcing,
overlapping dominant regional climatic systems (southwest Indian summer monsoon
and Mid-latitude western disturbances), occasional fusion, high energy environment
and dynamic glacio-fluvial processes (Dimri et al., 2017). As per the India Disaster
Report (2013), the Uttarakhand disaster was caused by torrential precipitation in the
middle of June (between June 14 and June 18, 2013) due to the fusion of the southwest
monsoon trough and western disturbances over the Himalayan region. However,
other studies reveal that the Uttarakhand disaster was caused by the early onset of the
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monsoon, heavy downpours, cloud bursts, and subsequent lake bursts, resulting in
massive flash floods and landslides (Allen et al., 2016). Although some research
anticipated that the lake breach was due to ground saturation caused by enhanced

runoff due to rain-on-snow type melting (Dobhal et al., 2013).
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Figure 3 : Total Precipitation in the study area from
June 10,2013 to June 17,2013
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Figure 4 : Total Precipitation in the study area between May 13, 2013 and July 15, 2013

As per the TRMM 3B42 data, between June 10 and June 17, 2013; more than 350 mm
of precipitation against the average precipitation of 71 mm (as per the IMD record)
occurred in the north-western Garhwal Himalayan region (Figure 3), which was
almost 500 times more than the normal precipitation in the region.

In the Uttarakhand disaster, as per the Uttarakhand state govt. official record
6,054 peoples were either dead or "presumed dead", over 100,000 pilgrims and
tourists were stranded (Martha et al. 2014), and more than 30 hydropower plants
were either destroyed or damaged (Sati and Gahalaut, 2013). The massive impact of
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the Uttarakhand disaster in terms of loss of life and livelihood was observed in the
Alaknanda Valley. Further investigation of the TRMM data revealed that more than
1200 mm of precipitation had occurred between May 13 and July 15, 2013, in the
northwest Garhwal Himalayan region. The high energy event also resulted in
significant changes in the geomorphology and climatology of the upper reaches of the

Alaknanda and Bhagirathi rivers.

5. Impact of Uttarakhand Disaster (2013) on the Retreat of the Gangotri Glacier

Glacier behaviour is dynamic; it varies with time, and the retreat rates calculated
are never identical for even a single glacier over time. The Gangotri glacier in the
northwest Garhwal Himalaya is well-documented because of its significance in Hindu
mythology. Well-documented terrestrial records of over 150 years are available for the
Gangotri glacier (Raina, 2009; Raina et. al., 2015). Frontal changes on the Gangotri
glacier can be inferred from the terrestrial records by identifying and interpreting
associated landforms. The signatures from the deglaciated valley in the foreland basin
of the Gangotri glacier revealed that it has been retreating over the last 150 years.
Continuous and comprehensive mapping of the Gangotri glacier has been carried out
by the Geological Society of India since 1935, which reveals that in the last 61 years
(between 1935 and 1996), the Gangotri glacier retreated about 1100 metres with an
average annual retreat rate of 18 metres (Raina, 2004). Bhambri et al. (2012), reported
a total retreat of 819 + 14 meters of the Gangotri glacier from 1965 to 2006 with a
varying rate of retreat; 5.9 + 4.2 m/year from 1965 to 1968, whereas the highest rate of
retreat (26.9 + 1.8 m/year) was observed from during 1968 to 1980. Subsequently, the
glacier retreated at an annual rate of 21.0 + 1.2 meters between 1980 and 2001. The
Gangotri glacier’s retreat rate declined during 2001-2006, during which the
Gangotri glacier receded with an annual retreat rate of 7.0 + 4.0, almost 1/3 of the

earlier retreat rate (Bhambri et al., 2012).
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Figure 5 : Retreat of the Gangotri glacier. (A) Sept 2000, (B) May 2013,
(C) August 2013 (D) Oct 2017, (E) Retreat of Gangotri Glacier from 2000 to 2017

However, the Gangotri glacier’s retreat rate was accelerated very drastically between
2006 and 2017, during which Gaumukh retreated at a rate of 21.9 + 1.9 m per year
(Bhambri et al., 2023). On the contrary, stability was observed on the snout of the
Gangotri glacier between 2001 and 2010 (Bahuguna et al., 2014), meaning the retreat
rate was accelerated from 2010 onwards. The present study also observed a total
retreat of 64.25+21.23 metres of the Gangotri glacier from 2000 to May 2013, with an
annual rate of retreat of 4.94+1.63 m per year (Table 2).
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Figure 6 : Field photographs of the Gangotri glacier. (a) Snout of the
Gangotri glacier, May (2013), (b) Supraglacial Lake near the Snout of the
Gangotri glacier (May 2013), (c) Large Supra Glacial Lake on the Gangotri glacier
(May 2013) and (d) Snout of the Gangotri glacier (May 2015)

Table 2 : Total Glacial Retreat and Mean Retreat Rate of the
Gangotri glacier (2000-2023)

Year Total Retreat (m) Retreat rate (m/year)
2000 - 2013 64.25+21.23 4.94+1.63
2013 (May - Aug.) 57.01+21.23 57.01+21.23
2013 (Aug) - 2017 95.75+15.83 23.98+3.96

Table 3 : Total area vacated and mean area vacated near snout from

2000 to 2023 in m?
Year Total Area Vacated (m?) Vacated mean Area (m?/year)
2000 - 2013 24531+450.71 1887.0+34.67
2013 (May - Aug.) 22344+450.71 22344.0+450.71
2013 (Aug) - 2017 44375+244.59 11093.8+61.15
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However, due to the heavy downpour in the Gangotri region associated with the
Uttarakhand disaster (Figures 3 and 4) and the presence of the large supraglacial lakes
(Figure 6a and c) within the vicinity of Gaumukh during May 2013, those lakes might
have flooded due to heavy precipitation in subsequent months and either resulted
in the detachment of a large section from the right flank of the Gangotri glacier or
accelerated the melting on the right flank due to the strong calving effect, resulting in the
accelerated retreat on the right flank of the Gangotri glacier somewhere between May
and August 2013 (figure 5). During May and August 2013, the Gangotri glacier observed
a total retreat of 57.01+21.23 m within the period of 04 months and subsequently,
the Gangotri glacier retreated with an annual rate of 23.98+3.96 m from 2013 to 2017
(Table 2). From 2000 to 2013, the Gangotri glacier vacated 1887.0+34.67 m? area
annually and 22344+450.71m? area between May to August 2013 (Table 3). However,
between 2013 and 2017, the Gangotri glacier vacated11093.8+81.53 m? area annually.
On the Gangotri glacier, unprecedented retreat has been observed in length and area
between May and August 2013 (Figure 5, Tables 2 and 3). During the fieldwork in May
and June 2015, the retreat on the right flank of the Gangotri glacier was also confirmed
by field and terrestrial records (Figure 6d). The accelerated retreat of the glacier,
coupled with slope instability and sedimentation from the lateral moraines of the
Gangotri glacier near Meru glacier in 2017, caused the Bhagirathi river channel to
shift, leading to the formation of a lake near the snout of the Gangotri glacier
(Figure 5 D and E). This newly formed lake holds the potential to further accelerate

the retreat of the Gangotri glacier in the near future.

6. Discussion and Conclusion

The Uttarakhand disaster in the north-western Garhwal Himalaya, marked by
intense precipitation and a catastrophic cloudburst, triggered significant
geomorphological changes, including the redirection of river courses, severe
landslides, and the devastating loss of life and property. In the case of the Gangotri
glacier, the presence of large supraglacial lakes, coupled with heavy rainfall, played
a key role in accelerating its retreat. This event likely initiated calving and the
detachment of large glacier sections, further intensifying the retreat process.

This study highlights the critical influence of glacier surface characteristics and

extreme hydro-meteorological events, particularly in monsoon-dominated regions, on
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rapid glacial retreat. The findings reveal that the retreat rate of the Gangotri glacier is
driven not only by mass balance but also by the interaction between surface processes
and large-scale climatic forces. Notably, the glacier's right flank experienced a retreat
of 57.01 + 21.23 m between May and August 2013—nearly equal to the retreat recorded
over the previous 13 years. This accelerated retreat is attributed to the combined effects
of supraglacial lakes and intense precipitation, which likely accelerated calving or
led to the detachment of glacier sections.

The study further identifies a significant shift in glacier dynamics, with a relatively
stable retreat rate prior to 2013, followed by a sharp escalation post-disaster. This
shift underscores the critical role of extreme weather events in altering glacier behavior.
The evidence strongly indicates that high-energy climatic events, combined with
specific glacial surface features, can drive accelerated retreat, particularly in monsoon-

affected regions of the Himalaya.

In light of climate change, with the projected increase in extreme precipitation
events, glaciers in the Garhwal Himalaya may experience more rapid retreat, leading
to slope instability and increased mass movements. This, in turn, heightens the risk of
hydro-meteorological disasters for downstream communities and critical infrastructure.
The findings underscore the intricate interplay between local topography, glacial
characteristics, and extreme weather events, carrying significant implications for future

scientific research, climate resilience, and disaster management strategies.
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