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KEY MESSAGES

• Glaciers and permafrost environments are changing rapidly across the Indian 

Himalayan Region, giving risk to threats such as Glacial Lake Outburst Floods 

(GLOFs) 

• Historical GLOF events have been rarely recorded, although several large paleo 

events have likely occurred in Jammu and Kashmir. 

• The 2013 Kedarnath disaster is the most well recognised GLOF event, 

associated with the outburst of the small Charobari lake.  

• Existing GLOF hazard and risk studies have been inconsistent in their 

assessment methodologies. 

• General consensus from existing studies and new large‐scale modelling 

undertaken here that the greatest number of potentially critical lakes are 

found in Sikkim and  Jammu and Kashmir. 

• Local studies have been undertaken in Sikkim, but similar studies are lacking 

for Jammu and Kashmir. 

• A listing of high priority lakes is given for each state, identifying where further 

local investigations, monitoring, and risk management strategies could be 

targeted. 

• It is recommended to update the risk assessment regularly in view of rapidly 

altering environmental conditions and infrastructural development. 
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1. Introduction 
 

The Indian Himalayan Region (IHR) is facing important challenges in view of coping with 
adverse effects of climate change. Like many other mountain regions worldwide, the IHR is 
particularly sensitive to changes in global climate, from both a physical and societal 
perspective. Physically, the disappearance of mountain glaciers and expansion of large glacial 
lakes are amongst the most recognizable and dynamic impacts of climate warming in this 
environment. In combination with altered stability of surrounding rock and ice walls, the 
potential threat from glacial lake outburst floods (GLOFs) is thus evolving over time (Kääb et 
al. 2005; Schaub et al. 2013; Deline et al. 2015). With residential, tourism, and particularly 
hydropower infrastructure expanding higher into alpine valleys, there is a clear need for the 
assessment and management of glacial-related hazards such as GLOFs to be mainstreamed 
into major policies and programmes of the Government on India. Therefore, the National 
Disaster Management Agency (NDMA) of India, with support from the Government of 
Switzerland, has undertaken the development of an overall strategy for glacial related hazard 
assessment and risk  management, with an emphasis on GLOFs.  

GLOFs refer to the sudden discharge of a water reservoir that has formed either underneath, 
at the side, in front, within, or on the surface of a glacier, and related dam structures can be 
composed of ice, moraine or bedrock. In the Himalaya, displacement waves from large impacts 
of ice or rock are thought to have contributed to over 50% of catastrophic moraine dam failures 
(Richardson and Reynolds 2000), with related outburst events typically transforming into 
hyperconcentrated or debris flows following the entrainment of loose, unconsolidated para-
glacial debris. As evidenced during the 2013 Kedarnath disaster, resulting impacts on 
communities and infrastructure can be catastrophic. Typically the most devastating and far 
reaching (>100 km) impacts from outburst floods around the world have involved subsequent 
flow transformations or chain reactions, such as damming of valleys, secondary outbursts and 
debris flows (e.g., Huggel et al. 2005). As such, approaches to glacial lake outburst hazard 
and risk assessment must consider large spatial scales, not restricted by administrative or 
political boundaries.  

This short report aims to review the current state of knowledge on GLOF risk across the IHR, 
providing a scientific basis for identifying where further studies, assessment, and ultimately 
risk reduction strategies should be prioritised. To set the context, we begin first with a concise 
overview of glacial and permafrost change in the region, as the key driver of related hazards. 
Existing studies of GLOF hazard and risk are then reviewed, and a new large-scale automated 
approach for assessing risk is implemented. A synthesis then draws upon both the existing 
studies, and new results from the automated approach, to identify high priority lakes across 
the 5 glaciated states of the IHR. 
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2. State of knowledge on glacier change across the IHR 
 
Regional estimates of changes in glacier length suggest that western Himalayan glaciers 
(Jammu and Kashmir, Himachal Pradesh) experienced enhanced retreat, as compared to 
those in the central (Uttarakhand) and eastern Himalayas (Sikkim) (Scherler et al., 2011; 
Shrestha et al., 2017). However, results of snout monitoring might be biased towards larger 
glaciers as area change estimates show similar or even higher loss rates in Sikkim as 
compared to Himachal Pradesh (Kulkarni et al., 2011; Racoviteanu et al., 2015). Glaciers in 
the central (Garhwal) Himalayas show average shrinkage rates (Bhambri et al., 2011), while 
small glaciers in eastern parts of Jammu and Kashmir (Ladakh) experienced relatively little 
recession (Schmidt and Nüsser, 2012). Kraaijenbrink et al. (2017) have shown that a global 
temperature rise of 1.5°C will lead to warming of 2.1 ± 0.1°C in High Mountain Asia (HMA), and 
that 64 ±7% of the present-day ice mass stored in the HMA glaciers will remain by the end of 
the century. 

 
Glaciers in the Karakoram have shown individually contrasting behaviour but on average 
stable areas (Bhambri et al., 2013; Minora et al., 2016) and balanced mass budgets since at 
least the 1970s (Bolch et al., 2017; Gardelle et al., 2012; Zhou et al., 2017). Many glaciers in 
the IHR are of surge type, hence periodically speed up and advance rapidly (Copland et al., 
2011; Hewitt, 2011; Rankl and Braun, 2016). Surface velocity measurements also reveal that 
glaciers in the Karakoram region are almost all active at their snouts. The concentration of 
stagnant glaciers is highest in the central and eastern Himalayas and can be related to local 
topography and the presence of debris cover (Scherler et al., 2011). In contrast to the 
Karakoram, clear mass loss was found for almost all other Himalayan ranges. In-situ 
measurements indicate moderate mass loss until the ~mid 1990s and an increased mass loss 
thereafter (Bolch et al., 2012). However, glaciers in northern Himachal Pradesh (Lahaul-Spiti) 
might have experienced a period of only slight mass loss during the 1990s (Vincent et al., 
2013). The highest loss rates after ~2000 are seen in the western Himalayas (>-0.6 m w.e. 
a−1) followed by the eastern Himalayas including the ranges of Arunachal Pradesh (0.5 - -0.6 
m w.e. a−1), and the least mass loss was found in the central Himalayas (Garhwal in 
Uttarkhand) (~0.4 m w.e. a−1) (Brun et al., 2017; Gardner et al., 2013). However, large 
variability exists also in glacier mass balances. The observed heterogeneity in response of 
glaciers to climate change may be attributed to differences in topography, debris cover and 
meteorological mechanisms which are regionally unique (Garg et al., 2017; Kapnick et al., 
2014; Salerno et al., 2017; Scherler et al., 2011). 
Widespread deglaciation in several regions has led to issues of glacier fragmentation, 
vanishing of smaller glaciers, formation and enlargement of glacial lakes and increase in 
supraglacial debris cover (Bolch et al., 2012). 
 

3. State of knowledge on permafrost in the IHR 
 

Permafrost is sediment or bedrock that remains frozen for at least two consecutive years. 
Permafrost mainly occurs in the Arctic and high mountain areas and encompasses around 
25% of the landmass of the Northern Hemisphere (Gruber et al., 2012). A number of studies 
have shown that permafrost has thawed in the Northern Hemisphere during the past couple of 
decades (Hinzman et al., 2005; Zhang et al., 2005; Romanovsky et al., 2010). However, 
permafrost studies are sparse in the HKH region in general and IHR in particular (Gruber et 
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al., 2017). Of late, research on permafrost is being initiated at national and international 
agencies in the IHR region. 
 
Conclusive evidence of permafrost in the IHR was first gathered from Tso Kar lake area (cold-
arid regions of Jammu and Kashmir) in 1975-76 from a study conducted by the Geological 
Survey of India (GSI) (Rastogi and Narayan, 1999). Boreholes drilled up to 29m had many ice 
layers interspersed with sandy gravel layers, and annual average temperature of -2oC 
indicated permafrost area across ~20 km2. An initial model-based assessment on a regional 
scale suggests that the permafrost area in the broader Hindu-Kush-Himalayan region could 
extent up to 1 million km2, which roughly translates into 14 times the area covered by glaciers 
(Gruber et al., 2017). Studies on rock glacier distribution (a surface landform indicative of 
permafrost) were also carried out in recent past, suggesting that the lower limit of permafrost 
in the region lies within 3500-5500 m a.s.l. (Schmid et al., 2015). Allen et al. (2016a) suggested 
a permafrost spread of 420 km2 in Kullu district, located in northcentral parts of Himachal 
Pradesh. The cold-arid region of eastern parts of Jammu and Kashmir has reported sporadic 
occurrence of permafrost and associated landforms (Gruber et al., 2017) with sorted patterned 
ground and other periglacial landforms such as ice-cored moraines. Catchment scale studies 
suggest that the ground ice melt component may be a critical water source during dry years in 
the cold-arid regions of Jammu and Kashmir (Thayyen, 2015).  
 
The available studies and evidence have established significant permafrost coverage in high 
mountain areas of the IHR. As glaciers and snow cover are shrinking across most parts of the 
IHR in response to changing climate, permafrost areas are also expected to respond in a 
comparable manner. Possible permafrost thaw related impacts inferred from other areas 
globally include changed frequency and spatial distribution of landslides, increased potential 
for GLOFs as a result of landslides into lakes and/or thawing of dam structures, and changes 
in the water quality and sediment load in rivers (Gruber et al., 2017). However, long-term 
monitoring and/or evidence of such impacts in the IHR is generally lacking. For example, 
landslides are widespread across the IHR , but interestingly, large high mountain slope failures 
are rarely documented, and as yet there is no evidence to suggest thawing of permafrost is 
having any notable influence on mass movement or GLOF activity in the IHR.  
 

4. State of  knowledge on GLOF hazard and risk in the IHR 
 
Glacial lakes are common phenomena in high mountain regions and are closely associated 
with regional patterns of glacial response to climate change (Quincey et al. 2005; Gardelle et 
al. 2011). A first comprehensive inventory of glacial lakes led by ICIMOD (with support of 
various institutions) revealed around 8790 glacial lakes (1999-2003) across the broader HKH 
region, from which 1900 were located in the IHR (Ives et al., 2010 and references cited therein). 
In more recent studies in the IHR, Worni et al. (2013) and Fujita et al. (2013) identified 251  
and 500 glacial lakes respectively (>0.01 km2 area). This discrepancy in the results can be 
attributed to the different thresholds (minimum lake size) and methods (manual or semi-
automated lake detection) adopted for glacial lakes mapping (Nie et al., 2017; Table 1). 
Furthermore, these discrepancies highlight the difficulties in directly comparing different 
inventories in the region, leading to uncertainties in the baseline data that feeds into related 
adaptation planning and risk management strategies. 
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Across the IHR, the numbers and areas of glacial lakes have rapidly increased as a result of a 
warmer climate during the last century (Ives et al. 2010; Gardelle et al. 2011; Zhang et al. 2015; 
Carrivick and Tweed 2016). According to a study by Nie et al. (2017) the number and area of 
glacial lakes in IHR on average increased by about 8.8% and 14% respectively during 1990-
2015. Glacial lakes connected or located close (less than 2 kms) to the glaciers particularly 
show enhanced expansion (about 50%) (Nie et al., 2013; Zhang et al., 2015), and contributed 
most (about 83%) to total growth of glacial lakes during 1990-2015 in the region (Nie et al., 
2013, 2017). Furthermore, higher growth of glacial lakes is observed on southern slopes of the 
Himalaya as compared to northern slopes. Longitudinally, highest growth has been observed 
in central Himalayas, followed by eastern Himalayas, while expansion has been slowest in the 
western Himalayas (Gardelle et al., 2011; Nie et al., 2017). The emergence and expansion of 
new glacial lakes have been mostly concentrated at higher elevations (4800-5700m), and has 
been observed even at 5900m, indicating enhanced warming at higher elevations (Nie et al., 
2017). Local assessment studies in IHR e.g., Himachal Pradesh (Singh and Kumar, 2014); 
Chandra basin, Himachal Pradesh (Patel et al., 2017; Rathore et al., 2015b);  Chandra-Bhaga 
basin, Himachal Pradesh (Randhawa et al., 2005; Prakash and Nagarajan, 2017); Uttrakhand 
(Raj and Kumar, 2016); Alaknanda basin, Uttarakhand (Jain et al., 2012); Dhauli Ganga basin, 
Uttarakhand (Jha and Khare, 2017); Sikkim Himalayas (Kumar and Prabhu, 2012; Aggarwal 
et al., 2013; Aggarwal et al., 2017), confirm the emergence and rapid expansion of glacial lakes 
across the entire region. While lakes that are no longer fed by glacier melt have remained 
nearly unchanged in the region (Zhang et al., 2015; Nie et al., 2013; 2017), such lakes can still 
pose a substantial threat to downstream communities (Raj and Kumar, 2016). For example, 
disconnected lakes at the side of a glacier (ice-marginal lakes) can become unstable where 
adjacent glaciers are losing mass and thereby removing support from the dam (Allen et al., 
2016b; Raj and Kumar, 2016). The increasing potential of large ice and rock avalances into 
expanding and more numerous lakes, leading to GLOFs, has been demonstrated in the IHR 
by Allen et al. (2016b), and hence, an increasing trend in GLOF potential is expected over the 
21st century. 
 
In the larger HKH region, the frequency of GLOFs is reported by some authors to have 
increased around the mid-20th century (Richardson and Reynolds 2000; Carrivick and Tweed 
2016; Harrison et al. 2018). However, in the IHR, GLOFs have been rarely reported (Raj et al., 
2013), except for the Chong Kumdam GLOFs (1929, 1932, 1933 and 1939) in UIB (Mason, 
1932; Hewitt, 1982) and devastating Chorabari GLOF (2013) above Kedarnath in Uttarakhand 
(Allen et al. 2015; Das et al. 2015). Coxon et al. (1996) and Sangode et al. (2011) described 
evidence of paleo-GLOFs based on studies of sediment deposits in parts of western Himalayas 
(Lahaul and Ladakh). Although no GLOF event has been recorded in eastern Himalayas 
(Sikkim), field evidences and oral history support their past occurrences (Aggarwal et al., 
2017). The relative lack of GLOF evidence may be explained by the fact that the overall area 
of glacial lakes and their expansion is comparatively lower in IHR than other Himalayan regions 
e.g., Nepal, Tibet, and Bhutan (Gardelle et al., 2011; Nie et al., 2017). However, there may 
also be issues of under-recording, with some past GLOF events being recorded as flash-flood 
events.  
 
Several studies have provided assessments of potential GLOF hazard across the IHR, and 
there is general consensus from these existing studies that the greatest number of critically 
dangerous lakes occur in Sikkim, with a large number of potentially critical lakes also in Jammu 
and Kashmir (Figures 1; Table 1). Ives (2010) reported about 70 potentially dangerous lakes 
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in IHR, while no dangerous lake was reported in Uttarakhand. Thus, processes relating to the 
2013 Charobari GLOF (Kedarnath) were not well captured in this inventory. By comparison, 
Worni et al. (2013) identified several potentially critical lakes across Uttarakhand including 
Charobari lake. Notably, Worni et al. (2013) applied a systematic and homogenous 
assessment approach across the entire IHR, considering also the exposure of downstream  
communities and infrastructure. Retrospectively, Allen et al. (2015) analysed the hydrological 
and topographic characteristics of Charobari lake, suggesting such lakes fed entirely from 
rainfall and snowmelt (without connectivity to glacio-hydrological system), may be most 
susceptible to breaching during heavy snowmelt and rainfall events. Furthermore, these 
GLOFs events may become increasingly important in the future, as glacial systems transform 
into paraglacial systems dominated by fluvial drainage (Raj and Kumar, 2016). A most recent 
inventory of Goyal and Dubey (2020) comprehensively assessed 329 lakes (>0.05 km2) across 
the IHR, including potential downstream impacts on buildings, bridges and hydropower 
systems. A total of 23 lakes were identified as very high risk lakes and 50 as high	risk lakes. 
In total, 67 lakes were found to threaten at least 1 hydropower station in their downstream 
path, with the greatest threat in Sikkim. 

 
 

Table 1: Statewise results from  Worni et al. (2013). 

  Total number of lakes  Potentially critical  Critical 

Jammu & Kashmir  103 33 2 

Himachal Pradesh  45  16 3 

Uttarakhand  27  13 ‐ 

Sikkim  50  29 8 

Arunchal Pradesh  26  ‐ ‐ 
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Figure 1: Comparison of existing GLOF hazard assessment results conducted across the entire IHR. 
Ives et al. (2010) is based on underlying inventories compiled for Himachal Pradesh – HP (Bhagat et 
al. 2004), Uttarakhand – UK (Sah et al. 2005), Sikkim – SK (Mool et al. 2003),  and Indus basin of 
Jammu and Kashmir – JK (Mool et al., 2005). Background is population density overlaid on shaded 
relief. 
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Table 2: Oveview of GLOF hazard and risk studies undertaken in different states and selected sub-basins of the IHR 

 

  Area Data base and methods Criteria for Potential GLOFs  Number 
of glacial 

lakes 

Hazard Assessment References 

Jammu and 
Kashmir 
(Indus Basin) 

Landsat 7 ETM+ (11 
scenes: 2000-2001), 15 m 
(Pan-merged)  
 
On-screen digitization 
 
Isolated lakes above 
3500m 

 Lake area and its growth,  

 Rise in water level 

 Position of lake in relation to 
moraines and associated glacier, 

 Lake activity 

 Dam condition 

 Glacier condition and  

 Physical conditions of adjacent 
landscape.  

1400 (> 
0.01 km2) 

40 lakes 
Potentially dangerous 

Mool et al., 2005;  
Ives et al., 2010 

Landsat 7 ETM+ (2000-
2002) 
NDWI 

 Dam type 

 Dam geometry 

 Freeboard 

 Physical conditions of adjacent 
landscape. 

 Downstream exposure of 
people and infrastructure. 

103 (>0.01 
km2) 

2 lakes 
critical 

Worni et al., 2013 
 

Himachal 
Pradesh 

IRS ID LISS3 (7 scenes: 
1999-2001), 23.5m 
 
On-screen digitization 
 
Isolated lakes above 
3500m 

 Lake area and its growth,  

 Rise in water level 

 Position of lake in relation to 
moraines and associated glacier, 

 Lake activity 

 Dam condition 

 Glacier condition and 

 Physical conditions of adjacent 
landscape. 

156 (> 
0.01 km2) 

16 lakes 
Potentially dangerous 

Bhagat et al., 2004;  
Ives et al., 2010 
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Landsat TM 5 (1989, 
1992, 2008 and Sep-Nov, 
2011), 30m 
On-screen digitization 
Lakes above 3500m 

 Maximum instantaneous 
discharge.  

 Lake volume  

 Type of dam 

 Modelled mean daily discharge  

65 (> 0.02 
km2) 

23 lakes 
Potentially dangerous  

Singh and Kumar, 
2014 

Landsat 7 ETM+ (2000-
2002) 
NDWI 

 Dam type 

 Dam geometry 

 Freeboard 

 Physical conditions of adjacent 
landscape. 

 Downstream exposure of 
people and infrastructure. 

45 (> 0.01 
km2) 

2 lakes 
Critical 

Worni et al., 2013 

Chandra-
Bhaga Basin  
 

IRS LISS III (2001), 
23.5m 

 Maximum instantaneous 
discharge.  

31 2 lakes 
Potentially dangerous 

Randhawa et al., 
2005 

Landsat 5 TM (2002), 30 
m 
Landsat 7 ETM+ (2008), 
30 m 
Landsat 8 OLI (2014), 30 
m 
 
NDWI and manual 
digitization 
Analytic Hierarchy 
Processes 

 Lake characteristics (area, 
growth rate, proximity with 
glacier and slope between lake 
and glacier.  

 Moraine dam characteristics 

 Adjacent terrain conditions  

 Meteorological and seismic 
characteristics  

30 (> 
0.005 km2) 

3 and 5 lakes 
Highly and medium 

susceptible to outburst 

Prakash and 
Nagarajan, 2017 

Uttarakhand 

Landsat 7 ETM+ (5 
scenes: Oct-Nov 2003), 
30m 
On-screen digitization 
 
Isolated lakes above 
3500m 

 Lake area and its growth,  

 Rise in water level 

 Position of lake in relation to 
moraines and associated glacier, 

 Lake activity 

 Dam condition 

 Glacier condition and  

127 (> 
0.01 km2) 

0 lakes 
Potentially dangerous 

Sah et al., 2005; 
Ives et al., 2010 
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 Physical conditions of adjacent 
landscape. 

IRS LISS 4/ Resourcesat-
2 (16 scenes: 2011-2013) 
5.8m 
Corona KH4 (18 scenes: 
1962-1970), 4m 
Hexagon (2 scenes: 1974-
1980), 7m 
Manual digitization 

 Growth of glacial lakes 

 Slope (more than 10oC) 

 Proximity to glacier 

 Status of glacier retreat 
 

362  8 lakes 
potentially critical for 

outburst 

Raj and Kumar, 
2016 

Landsat 7 ETM+ (2000-
2002) 
NDWI 

 Dam type 

 Dam geometry 

 Freeboard 

 Physical conditions of adjacent 
landscape. 

 Downstream exposure of 
people and infrastructure. 

27 (> 0.01 
km2) 

0 lakes 
Critical 

Worni et al., 2013 

Dhauli Ganga 
basin (Kali 
Ganga) 

Landsat 1 MSS (1972), 
60m 
Landsat 2 MSS (1977), 
60m 
Landsat 5 TM (1998, 
2009, 2010), 30m 
Landsat 7 ETM+ (1999, 
2000, 2001, 2002), 30m 
Landsat 8 OLI (2013), 30 
m 
NDWI and manual 
digitization 

 Type of glacial lake 

 Area and volume of glacial lake 

 Extent of glacierised area  

 Proximity of glacial lake 

 Elevation of glacial lake 

 seismic characteristics 

7 2 lakes 
potentially hazardous 

Jha and Khare, 
2017 

Alaknanda 
basin 

IRS 1D LISS-3 (2004, 
2006, 2008), 23.5m 
NDWI and manual 
digitization 

 past record of outburst 

 field observation 

45 (> 0.01 
km2) 

0 lake vulnerable and 
Susceptible to outburst  

Jain et al., 2012 
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Mike 11 Model for GLOF 
simulation 

 geomorphological and 
geotechnical characteristics of 
lake surroundings 

 area and volume of glacial lakes 

 Proximity to settlements 
Sikkim 
 

Landsat 7  ETM+ (1 
scene: Dec. 2000) 
 
On-screen digitization 
 
Isolated lakes above 
3500m 

 Lake area and its growth,  

 Rise in water level 

 Position of lake in relation to 
moraines and associated glacier, 

 Lake activity 

 Dam condition 

 Glacier condition and  

 Physical conditions of adjacent 
landscape. 

266 (> 
0.01 km2) 

14 lakes 
Potentially dangerous 

Ives et al., 2010 
Mool and 
Bajracharya 2003 

Landsat 7 ETM+ (2000-
2002) 
NDWI 

 Dam type 

 Dam geometry 

 Freeboard 

 Physical conditions of adjacent 
landscape. 

 Downstream exposure of 
people and infrastructure. 

50 (> 0.01 
km2) 

8 lakes 
Potentially dangerous 

Worni et al., 2013 

IRS LISS 4 REsourcesat-
2 (5.5 m) and Cartosat 
(2.5 m) 
Above than 3500m 
NDWI 
Analytic Hierarchy 
Processes 

 Area, volume, geometry, type, 
orientation  and elevation of lake 

 Lake activity 

 Dam characteristics   

 Proximity to glaciers 

 Geomorphology of adjacent 
area 

 Proximity to settlements  

472 (> 
0.01 km2) 

2 and 14 glacial lakes 
with high and  medium 

susceptibility 
respectively  

Aggarwal et al., 
2017 

IRS LISS 3 (2011), 
23.5m 

 Proximity to parent glacier 

 Proximity to other glacial lakes 

 Dam characteristics 

37 (> 0.1 
km2)  

18 lakes 
Potentially dangerous 

Aggarwal et al., 
2013  
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Landsat 5 TM (2009), 
30m 
NDWI- Every water 
surface and even water-
rich soil was mapped as 
glacial lake 
Mike 11 Model for dam 
break assessment 

 Area of glacial lake and its 
growth 
 

IRS 1A/1B/1C/1D/P6 
Corona – KH 
Landsat MSS, TM 
and ETM+ 
 
Lakes above 4500 m 

 Growth of area, and water level 
of glacial lake 

 Emergence of new lakes 

 Proximity to parent glacier 

 Status of glacier retreat  

 Characteristics of glacial lakes 

>0.005 
km2 

12 
Potentially dangerous 

Kumar and Prabhu, 
2012 

Arunachal 
Pradesh 

Landsat 7 ETM+ (2000-
2002) 
NDWI 

 Dam type 

 Dam geometry 

 Freeboard 

 Physical conditions of adjacent 
landscape. 

 Downstream exposure of 
people and infrastructure. 

26 (> 0.01 
km2) 

0 lakes 
Potentially dangerous 

Worni et al., 2013 
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5. Large Scale Assessment of  GLOF Hazard and Risk  
 

To complement and strengthen the existing knowledge of GLOF risk in the IHR, we have 
undertaken a fully automated assessment, using an composite inventory of 2066 glacial  lakes 
(>0.01 km2). While not a replacement for local detailed assessments (such as that which can 
be undertaken by state authorities and local researchers), the advantage of an automated 
approach is that it can provide a first-order indicator of potentially dangerous lakes, considering 
also risk to downstream population or infrastructure (depending on available data).  

The approach used follows procedures previously implemented in Himachal Pradesh (Allen et 
al. 2016b), where GLOF risk for a given lake is defined as a function of the hazard (likelihood 
and potential magnitude of an outburst), exposure (potential for people or assets to be 
affected), and vulnerability (the predisposition of communities to be adversely affected). 
Further details are provided below. All analyses were conducted using the CGIAR-CSI void-
filled version of the SRTM 90m Digital Elevation Model (DEM). This resolution enables 
computational efficiency while still proving sufficient for first-order modelling of topographically 
driven processes. 

 

GLOF Hazard 

The assessment considers four primary determinants of GLOF hazard outlined below that can 
be calculated using readily and freely available geospatial datasets. 

1) Lake area, which provides an often used proxy for lake depth (and volume) and thereby 
potential flood magnitude (Huggel et al. 2004). 
 

2) Potential for ice and rock avalanches to strike a lake, thereby capturing the main 
process responsible for pervious GLOF triggering across the Himalaya. The 
assessment procedure is based on the concept of topographic potential (Romstad et 
al. 2009) which encompasses (a) the potential for rock or ice to detach (parameterised 
by slope angle) and (b) the potential for the resulting rock and/or ice avalanche to reach 
a glacial lake (parameterised by the overall trajectory slope or angle of reach). This 
concept has been integrated within comprehensive GLOF risk assessments for the 
Swiss Alps (Schaub 2015), Northwest India (Allen et al. 2016b), and Tibet (Allen et al. 
2019). We assume an impact into a lake is possible from any slope >30° (Allen et al. 
2011; Fischer et al. 2012), where the overall slope trajectory is >14° (tanα=0.25) 
(Noetzli et al. 2003; Romstad et al. 2009). These conservative values are based on ice 
and/or rock avalanches reported within an extensive global catalogue of events 
contained in the cited literature, although mass movements from more gentle slopes 
and obtaining larger run-outdistances are possible in exceptional cases. Within each 
lake watershed, the tanα values for all grid cells fulfilling these two criteria were 
summed, to give a quantitative measure of the potential for avalanches to trigger an 
outburst from that lake. In this way, steep slopes located closer to a lake (i.e, from 
which an avalanche is more likely to reach the lake), automatically contribute more to 
the overall hazard estimate. We give a greater weighting (a factor of 2) to ice-covered 
grid cells, given that ice avalanches are a more frequent cause of GLOFs than rock or 
debris slides. 
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3) Total watershed area upstream of the lake, recognising the potential for runoff from 
heavy rainfall or glacier/snow melt to drain into and overwhelm a glacial lake (as 
occurred for example in the Kedarnath disaster). A larger upstream watershed is 
considered to increase the potential for runoff. 
 

4) Downstream slope of the dam, as a crucial control on stability of the dam and potential 
for self-destruction (Fujita et al. 2013; Rounce et al. 2016). For this analysis, the 
downstream dam area was automatically extracted as the area downslope of the lake, 
within a horizontal buffer distance of 500 m. Where more than 50% of the slope pixels 
in the dam area exceeded the 35° typical angle of repose (Carson 1977), the dam was 
considered to be formed in bedrock and hence stable. For all other dams, the mean 
slope value was used as a quantitative measure of the dam stability. The 500 m 
distance in many cases encompasses more than the lake foreshore and dam area. 
However, this is considered beneficial given that steeper slopes downstream are 
relevant also for the erosional capacity of any outburst event, and hence, important for 
the hazard potential. 

Quantified values for each determinant were normalised to a common range (from 1 – 10), 
ensuring all components contributed fairly to the final hazard index, and ensuring results are 
not influenced by the skewed distribution of some determinants (such as lake area). The final 
hazard index (H) for each lake was simply calculated as the average across all normalised 
scores. 

For interpretation purposes, all results from the assessment are categorised into 5 levels using 
the geometric division classification method of ArcGIS. These levels are not intended in an 
absolute sense, but provide a means with which to compare the GLOF threat across states. 

The greatest number of lakes (1056) are located in Jammu and Kashmir, where also the largest 
number of lakes with moderate or higher levels of hazard are located (Figure 2). Sikkim has 
overall far fewer lakes (494), but a comparable number of lakes within the high hazard 
category. Very high hazard lakes are found in Jammu and Kashmir (9), Himachal Pradesh (5), 
Sikkim (2) and Uttarakhand (1). 

 

 



16 
 

 

Figure 2: Results of the large-scale GLOF  hazard assessment across the IHR. Background is 
population density overlaid on shaded relief. 

 

GLOF Risk 

To assess the potential impact (or risk) to society, we considered the population density in 
areas downstream of the glacial lakes, based on large-scale gridded global data 
(https://www.worldpop.org). This provides a proxy measure of GLOF exposure, with exposure 
being one key driver of risk (together with hazard and vulnerability). The downstream flood 
path for each lake was simulated using the modified single-flow model (MSF) — a simple GIS-
based hydrological flow routing algorithm that calculates the flow direction from one DEM pixel 
to another according to the steepest downward gradient between each pixel and its eight 
neighbours (O’Callaghan 1984), modified to allow flow spreading of up to 45° from the main 
flow direction (Huggel et al. 2003). The maximum downstream travel distance for each GLOF 
path was determined using an empirically derived worst-case scenario defined by the angle of 
reach from the source lake, with tanα values as low as 0.05 (3° angle of reach) considered 
appropriate for highly mobile sediment-laden events (Huggel et al. 2004). Beyond these worst-
case run-out distances, severe damages are not expected.  

The modelled GLOF path was simply intersected with the population density layer. 
Recognising that communities located closer to the lake source are more likely to be affected 
than areas further downstream, the overall angle of reach (H/L) for each grid cell intersecting 
the GLOF path was used as the quantified measure of exposure. All exposed grid cell values 
were then summed within each GLOF path, and the overall exposure value assigned to that 
lake. 

The vulnerability of communities to GLOFs is primarily determined by the social, cultural, 
political, and institutional characteristics that influence a system’s sensitivity, and capacity to 
anticipate, respond to, and recover from the adverse effects of climate change. Here we 
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integrated a district level vulnerability index available under a common framework for the entire 
IHR, derived primarily from Census India data1.  

Results of the risk assessment are generally comparable with what is seen for GLOF hazard, 
with the largest number of high and very high risk lakes found in Jammu and Kashmir, and in 
Sikkim (Figure 3). Consistent with the results of Worni et al (2013) and Dubey and Goyal 
(2020), there is lowest overall levels of GLOF risk in Arunachal Pradesh. 

Clearly  the assessment shows some bias towards large population centres. While this is 
important information, identifying those lakes that can threaten highly populated regions, such 
an approach likely does not capture the risk to small (and potentially most vulnerable) mountain 
communities and settlements. It is therefore recommended that such large-scale studies are 
always compared with other methodological approaches and local studies. Such a comparison 
and state-wise synthesis or high priority lakes  is provided in Section 6. 

 

 

Figure 3: Results of the large-scale GLOF  risk assessment across the IHR considering exposure and 
vulnerability of the population to potential GLOF events. The background is population density overlaid 
on shaded relief. 

Finally, an assessment of GLOF danger to hydropower systems, cropland and roads has been 
undertaken (Figure 4). This represents the intersection of GLOF paths with the exposed 
elements (i.e., vulnerability of these systems is not considered). Based on these results, it can 
be seen that major roads and bridges across all states are threatened by potentially dangerous 

                                                            
1 

https://dst.gov.in/sites/default/files/IHCAP_Climate%20Vulnerability%20Assessment_30Nov2018_Fi
nal_aw.pdf 
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lakes, while the threat to cropland is greatest in Jammu and Kashmir, Sikkim, and Arunachal 
Pradesh. The threat to hydropower is significantly higher in Sikkim relative to the other states. 

 

Figure 4: Lake danger levels assessed with a large-scale first-order approach, considering exposure of 
roads, cropland, and hydropower stations. Highlighted are the 30 highest ranked lakes in each case. 

 
6. State-wise synthesis of high priority lakes 

 
The intention in this section is to draw across the information provided in previous studies, 
complimented with the new large-scale assessment of GLOF risk provided here (section 5), to 
identify those lakes that should be prioritised for further attention, local investigations, and 
potentially risk reduction strategies. It is important that such prioritisation is not based on a 
single study only, and therefore, the approach taken here highlights those lakes for which 
multiple lines of evidence (2 or more studies) identify highest risk levels. For all states we 
compare the results from our large-scale assessment with the results of Worni et al. (2013) 
and Dubey and Goyal (2020), because these studies were all conducted homogenously across 
the IHR, and all considered exposure of downstream people and infrastructure. Furthermore, 
local information from authorities was considered where available. For each state, a tabulated 
listing of high priority lakes is provided. All listed lakes were carefully inspected using Google 
Earth, giving strong confidence in our assessment of these high priority lakes. 

 

6.1 Jammu and Kashmir 

In Jammu and Kashmir there is low agreement between existing studies, with no lakes falling 
into the highest risk category of multiple studies. The risk approach used in the current study 
highlights several lakes in close proximity to the large populated area of Srinagar (Figure 5). 
These lakes are typically bedrock dammed, and are no longer threatened by ice avalanches, 
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but are located in potential zones of marginal (warming) permafrost. Hence, outbursts could 
be triggered by large rock avalanches, and as such, these lakes represent low probability –  
very high impact scenarios, where hazard levels are low but exposure values (downstream 
population density) is extremely high. Following a first appraisal of these lakes in Google Earth, 
several have been included in the list (e.g. Lake ID 27). The absence of high priority lakes in 
the northwest of Jammu in Kashmir should be treated cautiously because 1) the lack of high 
resolution data on exposed villages and infrastructure could mean the risk is underestimated 
in this remote mountainous region, and 2) dangerous lakes in the Karakorum region can 
develop and drain quickly (in the order of weeks to months) in associated with surging glaciers. 
Ives et al. (2010) identified several potentially dangerous lakes in this region (Upper Indus 
Basin), but did not consider other areas of Jammu and Kashmir. It should also be noted that 
this area of the Northwestern Himalaya has been identified as a potential hotspot of future 
GLOF hazard, owing to the abundance of long, flat debris-covered glacial tongues, under 
which depressions in the bedrock topography could transform into lakes as they are uncovered 
by further glacial retreat (Linsbauer et al. 2016). 

 

Table 3: Synthesis of lakes considered to be of high priority across Jammu and Kashmir, where further 
local investigations, monitoring, and potentially risk management strategies could be targeted. No 
ordering is implied. 

ID  Lat  Long  This study Worni et al. (2013) Dubey and Goyal (2020)

27  34.381  74.876  Very high risk

98  34.392  75.085  High risk Very high risk 

173  34.765  76.710  Medium risk Critical

180  34.353  76.077  Very high risk

182  34.234  75.325  Very high risk Potentially critical

931  33.929  75.389  Very high risk

932  34.051  76.717  Medium risk Critical

938  33.953  75.378  Very high risk

951  34.067  75.475  Very high risk High risk 

958  34.138  75.416  Very high risk Potentially critical

963  34.139  75.376  Medium risk Very high risk 

976  34.185  75.372  High risk Potentially critical Very high risk 

993  34.227  75.222  Very high risk

1014  34.299  75.060  Very high risk

1032  34.386  75.064  Very high risk

1037  34.422  75.058  Medium risk Very high risk 

1352  35.074  76.293  Very high risk

1360  35.027  75.725  Very high risk
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Figure 5: Distribution of high priority lakes (see Table 3) across Jammu and Kashmir. Background is 
population density overlaid on shaded relief. 

 

6.2 Himachal Pradesh 

Two lakes identified both by Worni et al. (2013) and the current study are assigned highest 
priority, together with 6 additional lakes. Two of these lakes were also identified as high risk by 
Dubey and Goyal (2020). Lake number 1948 (Gopeng Garth) has been well recognised by 
several recent studies as a serious threat (Allen et al. 2016b) owing to its rapid expansion over 
recent years and the potential increasing threat projected as the glacier further retreats (Figure 
7). The lake is currently subject to regular monitoring by state authorities. 
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Table 4: Synthesis of lakes considered to be of high priority across Himachal Pradesh, where further 
local investigations, monitoring, and potentially risk management strategies could be targeted. No 
ordering is implied, but highest priority lakes where multiple studies agree on the highest risk level are 
shaded. 

ID  Lat  Long  This study Worni et al. (2013) Dubey & Goyal (2020) 

1774  32.221  76.788  Very high risk Potentially critical

1805  32.762  77.195  Very high risk Potentially critical High risk 

1847  31.915  77.527  Very high risk Potentially critical

1936  32.256  76.777  Very high risk

1948  32.526  77.219  Very high risk Critical

1998  32.320  76.908  Very high risk

2031  31.339  78.253  Very high risk High risk 

2041  31.661  78.168  Very high risk Critical

 

 

Figure 6: Distribution of high priority lakes (see Table 4) across Himachal Pradesh. Background is 
population density overlaid on shaded relief. 
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Figure 7: a) Area around Gopeng Garth in the District of Lahaul and Spiti, northern Himachal Pradesh, 
showing potential source areas of steep ice and rock located within an distance from which impacts into  
current and future glacial lakes are possible. Arrows indicate the general direction from which mass 
movements of ice or rock may impact the lakes (Modified from Allen et al. 2016b). b) Image of the lake 
taken during field monitoring (image provided by HPCCC). 
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6.3 Uttarakhand 

Worni et al. (2013) did not identify any critical lakes in Uttarakhand, in general agreement with 
the prior assessment of Ives et al (2010). However, Dubey and Goyal (2020) identified 2 very 
high risk lakes, while the current study identified 3 such lakes. Only for lake ID 2108 is there 
agreement between 2 studies. Although not yet sufficiently large enough to be of immediate 
concern or high priority, attention is drawn to a lake (ID 2076) that has emerged rapidly over 
the past 5 years, and is located close to the populated area of Badrinath (Figure 8). 

 

Table 5:  Synthesis of lakes considered to be of high priority across Uttarakhand, where further local 
investigations, monitoring, and potentially risk management strategies could be targeted. No ordering is 
implied, but highest priority lakes where multiple studies agree on the highest risk level are shaded. 

ID  Lat  Long  This study Worni et al. (2013) Dubey & Goyal 
(2020) 

2108  30.976  79.459  Very high risk Potentially critical Very high risk 

2147  30.980  79.487  Medium risk Potentially critical Very high risk 

2207  30.912  78.958  Very high risk Potentially critical High risk 

2299  30.184  79.880  Very high risk

 

 

Figure 8: Distribution of high priority lakes (see Table 5) across Uttarakhand. Background is population 
density overlaid on shaded relief. 
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Figure 9: Google Earth image showing Lake (ID: 2076) above the village of Badrinath. The image is 
from 2011 at which time the lake was just starting to develop. The lake area has significantly 
expanded over the past 8 years. 

6.4 Sikkim 

For Sikkim we can draw across multiple lines of evidence as several overlapping GLOF risk 
studies have been undertaken in this area. This includes the study of Fujita et al. (2013) that 
identified 3 lakes in this state with potentially high flood volumes, and also results from 
Aggarhwal et al. (2017). In total 10 lakes of highest priority are highlighted in Table 6, 
identifying where multiple studies identify high threat levels. Many of these lakes are located 
in the upper watershed of the Teesta valley, potentially affecting communities and also 
hydropower systems downstream. This includes South Lhonak lake (ID195), that is considered 
critical by local authorities and is already subject to hazard mitigation measures. 

 

Table 6: Synthesis of lakes considered to be of high priority across Sikkim, where further local 
investigations, monitoring, and potentially risk management strategies could be targeted. No ordering is 
implied, but highest priority lakes where multiple studies agree on the highest risk level are shaded. 

ID  Lat  Long  This study  Worni et al. 
(2013) 

Dubey & Goyal 
(2020) 

Aggarwhal et al. 
(2017) 

192  27.532  88.087 Very high risk Potentially critical  

195  27.912  88.198 Very high risk Potentially critical High Susceptibility

224  28.015  88.562 Very high risk Critical Very high risk Medium Susceptibility

225  28.007  88.572 Very high risk Potentially critical  

227  27.993  88.547 Very high risk* Critical Very high risk Medium Susceptibility

228  27.981  88.508 Very high risk Very high risk Medium Susceptibility

236  27.99  88.816 High risk  Very high risk   

237  27.993  88.801 Very low risk Very high risk  

238  28.006  88.713 Very high risk* Critical Very high risk High Susceptibility
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239  28.008  88.698 Very high risk Critical Very high risk Medium susceptibility

256  27.816  88.657 High risk  Very high risk  

258  27.975  88.616 Very high risk 
* 

Critical Very high risk Medium susceptibility

260  27.894  88.761 Medium risk Very high risk  

261  27.873  88.789 Medium risk Very high risk Medium susceptilibity

264  27.864  88.863 Very high risk Very high risk  

288  27.961  88.65 Very high risk Potentially critical Medium susceptibility

292  28.006  88.655 Medium risk Critical  

293  27.951  88.705 Low risk  Critical  

295  27.920  88.672 Very low risk Very high risk  

298  27.873  88.638 Very high risk Very high risk  

312  27.701  88.514 Medium risk Very high risk  

345  27.864  88.747 Medium risk Very high risk Medium susceptiblity

515  27.854  88.806 Medium risk Very high risk  

569  28.002  88.64 Medium risk Critical Very high risk No Susceptibility

599  27.695  88.716 Very high risk No Susceptibility

*Indicates lakes with high potential flood volumes (after Fujita et al. 2013). 

 

Figure 10: Distribution of high priority lakes (see Table 6) across Sikkim. Background is population 
density overlaid on shaded relief. 
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6.5 Arunachal Pradesh 

There is generally considered to be low hazard and risk in Arunachal Pradesh. The state was 
included in the study of Worni et al. (2013), with no critical or potentially critical lakes identified. 
In contrast, the current study has identified 1 very high risk lake – the same lake is considered 
only to be high risk by Dubey and Goyal (2020). Most lakes in Arunachal Pradesh are remote 
with no obvious communities or villages threatened. It should be noted that satellite imagery 
in this region is often limited by cloud and snow cover. Hence local data and information is 
required, particularly giving attention to exposure of people and assets, and geotechnical 
conditions. The main threat to lake stability in this region relates to rock avalanching and other 
landslides, potentially influenced by thawing and warming of permafrost. 

 

Table 7:  Synthesis of lakes considered to be of high priority Arunachal Pradesh, where further local 
investigations, monitoring, and potentially risk management strategies could be targeted. No ordering is 
implied. 

ID  Lat  Long  This study  Dubey & Goyal 2020

129  27.775  92.314 Very high risk High risk lake

7820  93.462  92.6586 High risk  High risk lake

 

 

Figure 11: Distribution of high priority lakes (see Table 7) across Arunachal Pradesh. Background is 
population density overlaid on shaded relief.  
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