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Spatio-temporal Variations of Geo-climatic Environment in a High-Altitude Landscape of 1 

Central Himalaya: An Assessment from the Perspective of Vulnerability of Glacial Lakes 2 

Abstract 3 

Impacts of climate change on snow cover, permafrost and glaciers at varied elevations are wide 4 

ranging and well-known.  Melting water from glaciers forms glacial lakes; where, under the 5 

changing climate and accelerating glacial retreats have been a prime cause of glacial lake growth 6 

and outbursts. Indian Himalayan Region has also witnessed those impacts on glacial lakes with 7 

several evidences of glacial lake outbursts in recent years affecting people and ecosystems. Thus, 8 

to provide an understanding of geoclimatic environment and glacial lakes of the region, this article 9 

has attempted to look into the spatio-temporal changes of climatic conditions and physical 10 

landscape in Chamoli district of Uttarakhand in Indian Himalayan Region. In this study, mapping 11 

of glacial lakes in the district has been done to look into the aspects of associated hazards. The 12 

assessment has been done using historical trend analysis of climatic parameters, land surface 13 

temperature and physical landscape change in the study area. Seismic activities of the region have 14 

also been taken into account to understand the vulnerability of glacial lakes. The results indicate 15 

dynamic environmental conditions with visible physical landscape change; where, increase in 16 

built-up area by 541.57 Km2, decrease in dense forest and fallow land by 76.96 Km2 and 17 

364.09Km2 respectively over a period of two decades (2000-2020) have been observed. Minimum 18 

temperature has been gradually increasing by 0.68°C per decade. The geospatial analysis provides 19 

identification of ~500 glacial lakes, where 40.92% are situated at 5000-6000 m elevation. It is 20 

understood that glacial lakes of the study area are prone to produce disasters in the region because 21 

of changing climate and active seismicity, and lakes at higher elevation are highly susceptible to 22 

GLOF (Glacial Lakes Outburst Flood). Moreover, prevalence of large number of supraglacial 23 

lakes in the study region which are dynamic in nature, makes the area more vulnerable to hazards. 24 

The very old supraglacial lakes in high altitude region need attention and detailed study in terms 25 

of their changing characteristics and stability. Anthropogenic interventions in the area are 26 

contributing towards higher intensity of impacts on human and resources. It is suggestive that 27 

further development activities should consider the potential hazards and vulnerable zones in study 28 

area for disaster risk reduction.   29 

Keywords: GLOFs; Indian Himalayan Region, Climate Change; High Altitude Lakes 30 
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Introduction 32 

Landscape change and climate change are of global concerns and associated in a feedback loop. 33 

The change in landscape due to the impacts of climate change has widely reported by the scientific 34 

community. Recent research revealed that change in landscape is mostly due to the rapid 35 

urbanization which has negatively affected the land surface temperature (Yuen and Kong, 2009; 36 

Fonseka et al., 2019; Arulbalaji et al., 2020; Das et al., 2020). Increase in urbanization is leading 37 

towards change in land use land cover pattern and creates environmental as well as climatic 38 

disturbances (Xiao et al., 2006). Physical landscape change has impacts on land surface 39 

temperature (earth surface temperature) (Kafy et al., 2020; Zhang and Sun, 2019); which is the soil 40 

surface temperature for bare soil and canopy surface temperature for vegetation. The radiating 41 

temperature of the earth’s surface that controls surface heat and water exchange by the atmosphere 42 

represents land surface temperature (Yuan and Bauer, 2007).  43 

According to United Nations’ World Urbanization Prospects (2019), 55% of the world population 44 

lived in urban areas that is expected to increase by 68% by 2050. In 1950, the global urban area 45 

was only 3% that is expected to increase by 66% in 2050 (United Nations, 2018). Rapid 46 

urbanization has been considered as important drivers of loss of biodiversity, climate change, 47 

vegetation and agricultural loss and various other environmental issues (McCarthy et al., 2010; 48 

Chen et al., 2006). The impacts include replacement of vegetation with built-up areas resulting in 49 

increase of land surface temperature by trapping more solar radiation on earth’s surface. 50 

Impervious surface with less vegetation cover has low albedo and positive relationship with land 51 

surface temperature. Spatial and temporal analysis of urban growth is important to understand the 52 

urban climate studies, future sustainable planning and development (Dadras et al., 2015). Land 53 

surface temperature (LST) varies in response to the surface energy balance and modulates the air 54 

temperature of the lowest layers of the urban atmosphere, which is central to the energy balance 55 

of the surface and affects the energy exchanges that may disturb the comfort of the people dwelling 56 

in that area (Voogt and Oke, 2003). There are some studies which illustrates the relationship 57 

between LST and air temperature (Hachem et al., 2012; Urban et al., 2013; Vancutsem et al., 58 

2010). LST and air temperature are closely associated with the vegetation surfaces since under 59 

cloud cover the insolation is low and LST and air temperature may fluctuate by 1-2OC (Good et 60 

al., 2017). The difference between LST-T2m temperatures may approach or even exceed 20°C 61 

during the middle of the day in clear sky in low latitudes over non-vegetation areas (Good et al., 62 
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2016; Mildrexler et al., 2011). Monitoring of high resolution satellite images has made it possible 63 

to understand the effects of urbanization on land surface temperature with the help of thermal 64 

images by single infrared channel method or the split window method (Pu et al., 2006; Streutker, 65 

2002). The satellite temperature measurements provides more accurate results than the in-situ 66 

measurements (Cheval and Dumitrescu, 2009). The amalgamation of remote sensing and GIS are 67 

widely used to understand spatial temporal variation over the land surface. Multi-spectral Landsat 68 

and Sentinel satellite data are extensively used to understand the land use land cover change 69 

dynamics as well as the land surface temperature where the inclusion of thermal bands have made 70 

it suitable (Hu and Jia, 2010; Keshtkar and Voigt, 2016). In previous studies, researchers have used 71 

satellite images to understand the land surface temperature and its various key factors to assess the 72 

linkages with health related issues and heat related risks (Running et al., 1994; Crago et al., 73 

1995; Kimura and Shimiru, 1994; Weng and Fu, 2014; Hu and Brunsell, 2013; Deng and Wu, 74 

2013; Mathew et al., 2016).  75 

Himalayan regions are fragile eco-environments that play an important role in maintaining the 76 

ecosystem services and natural resources. Himalayan environments are highly sensitive towards 77 

environmental pressure and climate change whereas any jeopardy in that environment will further 78 

intensify global environmental concerns. However, the Himalayan region is affected by global 79 

warming, anthropogenic activities such as urbanization and exploitation of resources that result in 80 

a rapid retreat of glaciers in this eco-sensitive zone (Khadka et al., 2018). Climate change has 81 

always been a concerned research for Himalayan region (Shrestha et al., 1999, Liu and Chen, 82 

2000). There are reports and studies available that show the increasing instances of glacial retreat, 83 

snow melt and permafrost degradation as well as significant changes in hydrology and water 84 

resources (Kang et al., 2010, Yao et al., 2012a, Yao et al., 2012b). The studies focusing on 85 

Western Himalayan region revealed a warming rate of 0.16oC annual mean temperature per decade 86 

during 1955-1996 (Liu and Chen 2000).  In the last century, a significant increase in winter and 87 

annual temperature was observed over Western Himalayas (Mann et al., 1999, Kothawale and 88 

Kumar, 2005, Bhutiyani et al., 2007). Winter season temperature in Himalayan region has 89 

experienced significant rise which is a matter of concern (Bhutiyani et al., 2007, Shrestha et al., 90 

2010, Dimri and Dash, 2012). Increase in temperature leads to various consequences in Himalayan 91 

region such as rapid growth of tree rings in higher altitudes (Borgaonkar et al., 2009). Climate 92 

change in Himalayan region can also be attributed to blooming tourism activities that has led to 93 
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infrastructure development to achieve good economic benefits (Wang and Zhou, 2019). Glacier 94 

regions are always highly sensitive to climate change; where, the increase in temperature directly 95 

leads to melting of glacier (Chevallier et al., 2011, Haeberli et al., 2013, Mool et al., 2011). Melting 96 

of glacier results in the formation of supraglacial lakes that coalesce to produce proglacial lakes. 97 

Most of the proglacial lakes are moraine-stricken, which can lead to a rapid release of the water 98 

and sediment, often called Glacial Lake Outburst Floods (GLOFs), (Maskey et al., 2020). 99 

The Indian Himalayan Region (IHR) has been facing a wide range of challenges in dealing with 100 

the adverse effects of climate change. The IHR is always affected by different glacier related 101 

disasters; recently on 7 February 2021, Uttarakhand has faced glacier burst resulting in sudden 102 

overflow in Dhauli Ganga, Rishi Ganga and Alaknanda rivers and their tributaries. The event 103 

triggered widespread panic and large-scale devastation in the high mountain areas (see annesure). 104 

NTPC’s Tapovan Vishnugad hydel project site and Rishi Ganga Hydel project site have undergone 105 

massive damage and nearly hundred people lost their lives. In another such episode in 2013, 106 

Uttarakhand Kedarnath region faced flash floods where 6000 people lost their lives. 107 

Climate change, particularly increase in temperature, has been a concern in glacial regions. The 108 

adverse effects to mention include occurrence of more severe GLOFs, increase in frequency of 109 

GLOFs, shrinkage of glaciers and increase in glacial lakes (Reynolds, 1992; Clague and Evans, 110 

1993; Walder and Driedger, 1995; Rai, 2005). GLOFs may endanger the lives, infrastructure and 111 

result in flash floods (Walder and Costa, 1996; Rudoy, 2002; Liu et al., 2013).  Lu and Li (1989) 112 

reported that humidity and dry heat are responsible for outburst in Tibet. Chen et al. (2010) has 113 

found that increase in temperature is responsible for the increase in frequency of GLOF in Yarkant 114 

region of Karakoram. The intensification of glaciological hazards in IHR is evident with adverse 115 

consequences where the recent disaster in Chamoli district has attracted much attention. Therefore, 116 

we considered to analyse the air temperature, land surface temperature, and land use land cover 117 

change to understand different aspects of changing climatic conditions and probable factors 118 

associated with glacier burst and its consequences in Chamoli district. This paper has also intended 119 

to understand landscape change, land surface temperature, different aspects of glacier bursts and 120 

dynamics of glacial lakes.  121 

 122 

 123 
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Study Area: 124 

The Chamoli district lies in the central Himalaya and surrounded by Uttarkashi in north-west, 125 

Rudraprayag in west, Pithorgarh and Bageshwar in east and Almora in south (Figure-1). 126 

Geographically, the district is bounded by latitude N 290 15’00” and 31000’00” and longitude E 127 

79015’00” and 80000’00”, covering geographical area of  7604 sq.km. The district is divided into 128 

10 tehsils namely Joshimath, Chamoli, Karnaprayag, pokhari, Garsain, Tharali, Narayanbagar, 129 

Jilasu , Adibadri and Ghat. As per the census 2011, the total population of Chamoli district is 130 

391605 (Census, 2011).  131 

 132 

Figure 1: Study area map of the Chamoli district, Karnataka, India 133 

The district represents many distinct ecological and geographical features. The major drainage of 134 

the Chamoli district is Alaknanda and its tributaries Dhauli Ganga, Nandakini, Pindar, Birhi ganga 135 

etc. Chamoli district is surrounded by hills and mountains with very narrow valleys, deep gorges. 136 

Physiographically, the catchment of Alaknanda River belongs to Gangotri -Badrinath-Kedarnath 137 

river system. The hilly slopes are covered with glaciers. The prevalent landforms of Chamoli 138 
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district are U-shaped glacier valleys, V-shaped fluvial valleys, lateral moraines, end moraines, 139 

river terraces and denudational structural mountain. The soils of Chamoli district are natural, 140 

dynamic and heterogeneous. The rocks such as granite, shale, gneiss, phyllite, shale, slate, etc. 141 

developed into soils under cool and moist climatic conditions. The maximum and minimum 142 

temperature ranges from 31 to -2.9oC. The rainfall varies with respect to altitudes and the average 143 

rainfall is 1230.8 mm.   144 

Data used: 145 

Data used in the study for geospatial analysis are presented in table-1. Landsat satellite imagery is 146 

used to monitor and analyze Land Surface Temperature (LST) and Land Use Land Cover 147 

(LULCC) in the present study. Evaluation of spatio-temporal analysis of LST and LULCC were 148 

taken for two decades-2000, 2008, 2013 and 2020. The data is obtained from US Geological 149 

Survey (USGS). 150 

Table 1: Data used in the present study 151 

Satellite 

Sensor/Data 

Year  Resolution Source 

Landsat 4/5 

TM 

2000 30 m USGS (https://earthexplorer.usgs.gov/) 

Landsat 4/5 

TM 

2008 30 m USGS (https://earthexplorer.usgs.gov/) 

Landsat 

OLI/TIRS 

2013 30 m USGS (https://earthexplorer.usgs.gov/) 

Landsat 

OLI/TIRS 

2020 30 m USGS (https://earthexplorer.usgs.gov/) 

Sentinel 2A 2020 10 m European Space Agency 

(https://sentinels.copernicus.eu/web/sentinel/home) 

Seismological 

Data 

2000-

2021 

- National Center for Seismology 

(https://seismo.gov.in/) 

Maximum temperature, minimum temperature and relative humidity data for variability and trend 152 

analysis have been obtained from NASA POWER (https://power.larc.nasa.gov/data-access-153 

viewer/). The metrological data has been based on Modern Era Retrospective-Analysis for 154 

Research and Applications (MERRA-2) assimilation model. Gridded daily Temperature at 2 155 

Meters, Maximum Temperature at 2 Meters and Minimum temperature with 0.5*0.5 resolution 156 

from 1982 to 2020 was obtained and used for trend analysis.  157 

 158 
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Methodology 159 

Meteorological data: 160 

Maximum and minimum temperature and relative humidity were used to analyze the variability 161 

and trend analysis in Chamoli district. Trend detection and analysis are performed through 162 

parametric and non-parametric tests only for consistent data. The non-parametric statistical test 163 

has an advantage over the parametric test in that it is better suited to non-normally distributed, 164 

outlier, censored, and missing data, which are common in hydrological time series. Therefore 165 

Mann-Kendall (MK) test in used to analyze the trend of all metrological parameters (Degefu and 166 

Bewket, 2014; Seleshi and Zanke, 2004, Tabari et al., 2015). The MK test is a non-parametric test that 167 

examines a time series for a trend without determining whether the trend is linear or non-linear 168 

(Yue et al., 2002). 169 

Land use Land cover change: 170 

As per the availability of satellite imagery, Landsat4-5 TM and Sentinel 2A data were used for the 171 

mapping of land use land cover classification. All the bands of both satellite imagery were stacked 172 

and generated a False Color Composite (FCC) in QGIS software. To prepare the land use land 173 

cover map of Chamoli district from satellite imageries, supervised classification techniques were 174 

used to extract the feature classes. Nine major LULC classes were selected to map the Chamoli 175 

district viz; Barren land, Dense Forest, built-up, water bodies, fallow land, vegetation, 176 

snow/glacier, other features and shadow. Maximum likelihood classification scheme was adopted 177 

to classify the features. Before the selection of training samples, empirical analysis of satellite 178 

imagery with google earth images and toposheet were investigated carefully. Several training 179 

samples were taken for define each feature class. LULC map of 2000 was created using Landsat 180 

imagery and LULC map of 2020 was created using sentinel imagery. The change in land use land 181 

cover from 2000 to 2020 were extracted to conduct further analysis.  182 

Glacial lakes inventory: 183 

Inventory of different types of glacial lakes have been done based on visual interpretation and 184 

analysis of Landsat satellite imagery and Google Earth engine for the year 2019. The elevation of 185 

each glacial lakes has been extracted using ASTER Global DEM (Digital Elevation model) data. 186 

Moreover, area and volume of glacial lakes has been calculated to understand the dynamics of the 187 
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glacial lakes in the study area. Furthermore, Glacier inventory data has been collected from 188 

Randolph Glacier Inventory to understand the association of glaciers with glacial lakes. 189 

Volume of lake water estimation has been done for three randomly selected lakes to understand 190 

the change in lakes’ characteristics from 2000 to 2022. The volume of lake has been estimated 191 

using the equation (Cook and Quincey, 2015):  192 

V = 2 x 10-7 A1.3719                                       (1) 193 

Whereas V= Volume of the lake (in m3 x106) and A is the area (in m2)  194 

Retrieval of Land Surface Temperature from Landsat-5 TM:  195 

Evaluation of LST was based on the methodology of Chen et al. (2002); primarily for the 196 

estimation of brightness temperature from Landsat-5 TM satellite imagery- the digital numbers 197 

(DNs) of band 6 were converted into radiation luminance (RTM6) using the algorithm- 198 

𝑅𝑇𝑀6 =
𝑉

255
 (𝑅𝑚𝑎𝑥 − 𝑅𝑚𝑖𝑛) + 𝑅𝑚𝑖𝑛                    (2) 199 

V is DN of band 6, 200 

𝑅𝑚𝑎𝑥 = 1.896(𝑚𝑊 ∗ 𝑐𝑚−2 ∗ 𝑠𝑟−1)                 (3) 201 

𝑅𝑚𝑖𝑛 = 0.1534(𝑚𝑊 − 𝑐𝑚−2 ∗ 𝑠𝑟−1)                (4) 202 

Further the radiation luminance was converted into satellite brightness temperature (BT) in 203 

degree Celsius (0C) using algorithm- 204 

𝐵𝑇 =  
𝐾1

(ln(
𝐾2

𝑅𝑇𝑚6
𝑏

+1))

− 273.15                              (5) 205 

K1 = 1260.56 K and K2 = 607.66 (mW * cm-2*sr-1µm-1), are calibration constants under an 206 

assumption of unity emissivity; where b represents the effective spectral range when the sensor’s 207 

response in considerably higher than 50%, b=1.239 (µm) (29). 208 

Retrieval of Land Surface Temperature from Landsat-8 OLI/TIRS:  209 
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For the retrieval of LST from Landsat-8 satellite imagery, primarily the DN of thermal infrared 210 

band was converted into spectral radiance(Lλ) by using the algorithm from Landsat user’s 211 

handbook (2016): 212 

𝐿𝜆 =  𝑀𝐿𝑄𝑐𝑎𝑙 +  𝐴𝐿                               (6) 213 

Lλ is TOA spectral radiation in watts/ (m2 * ster * µm), ML is band specific multiplicative 214 

rescaling factor from metadata, AL is band specific additive rescaling factor, and Qcal is 215 

symbolized values of quantized and calibrated standard product pixels (D). 216 

Then band radiance is converted into BT in degree Celsius (0C) using algorithm- 217 

𝐵𝑇 =  
𝐾2

ln (
𝐾1

𝐿𝜆
+1)

− 273.15                  (7) 218 

BT- Brightness temperature in Celsius and K1 and K2 are thermal conversion from metadata. 219 

Surface Emissivity (ε) Retrieval: The algorithm used for the land surface emissivity (ε) values are 220 

 ε = m . PV + n                              (8) 221 

where m = 0.004 and n = 0.986. PV is proportion of vegetation extracted from algorithm  222 

𝑃𝑉 =  (
𝑁𝐷𝑉𝐼−𝑁𝐷𝑉𝐼𝑚𝑖𝑛

𝑁𝐷𝑉𝐼𝑚𝑎𝑥− 𝑁𝐷𝑉𝐼𝑚𝑖𝑛
)

2
                 (9) 223 

𝑁𝐷𝑉𝐼 =  [
𝑁𝐼𝑅−𝑅𝐸𝐷

𝑁𝐼𝑅+𝑅𝐸𝐷
]                         (10) 224 

Where NDVI represents the normalized difference vegetation index. NDVI index describes the 225 

vegetation cover of the earth that can be estimated using the visible and near-infrared reflectance. 226 

NDVImin represents the minimum value of NDVI and NDVImax represents the maximum value of 227 

NDVI. 228 

Further the LST was estimated with the help of emissivity corrected LST values.  229 

However, brightness temperature (BT) represents the temperature of blackbody which would emit 230 

the same amount of radiation as the target body in a specified spectral band. Since, the BT assume 231 

as blackbody, which it is not and this can cause errors in surface temperature. Hence emissivity 232 

correction is evaluated to produce the LST from BT while minimize the errors: - 233 
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𝐿𝑆𝑇 =  
𝐵𝑇

1+(𝜆(𝐵𝑇)∗
ln(𝜀)

𝜌
)
                   (11) 234 

LST is in degree Celsius, BT is brightness temperature in Celsius, λ is the wavelength of emitted 235 

radiation, ρ = h*c/σ = 1.438 * 10-2mK, σ is Stefan-Boltzmann constant, h represents Planck’s 236 

constant, c represents velocity of light and ε represents land surface emissivity (LSE). 237 

Furthermore, the relative changes of LST were extracted to analyze the major change in Chamoli 238 

district from 2000 to 2020 using equation: - 239 

Relative Change of LST =  
(𝐿𝑆𝑇 𝑜𝑓 2020−𝐿𝑆𝑇 𝑜𝑓 2000)

𝐿𝑆𝑇 𝑜𝑓 2000
∗ 100        (12) 240 

 241 

Results and Discussion 242 

Meteorological Analysis 243 

Temperature 244 

Temperature rise is the top amongst all the global climate change manifestations. For the years 245 

1982–2020, annual and monthly temperature data were analyzed to determine the variability and 246 

trend of temperature change in the study area. The monthly and annual temperature trend is 247 

presented in Table-2. The mean temperature in this district ranges from -2.51 oC minimum to 248 

19.52° C maximum with annual average temperature of 6.57o C. The rate of change in minimum 249 

temperature per decade is 0.68°C with visible gradual increase; whereas the maximum temperature 250 

has been decreased by 0.59oC per decade from 1982 to 2020. The long-range anomalies of mean 251 

annual temperature showed inter-annual variability while the fluctuation of trend is very high and 252 

increasing trend after 1997 has been higher than the previous period. Maximum temperature is 253 

higher in 1984 to 1985 followed by a meagre decrease in later years as shown in figures- 2&3; 254 

whereas the minimum temperature is constantly rising from 1994 to 2020 as shown in figures- 255 

2&4. 256 

Table 2: MK trend test of Maximum and Minimum Temperature 257 

Month Mean TMax TMin  
 Z Value Sen's Slope P-value Z Value Sen's Slope P-value 

Jan -2.72 -0.4597 -0.0119 0.6457 0.6897 0.0130 0.4904 

Feb -1.64 0.5807 0.0143 0.5615 0.9921 0.0315 0.3212 

Mar 2.29 -0.4839 -0.0109 0.6285 0.0968 0.0021 0.9229 

Apr 7.22 -0.4839 -0.0180 0.6285 2.2262 0.0403 0.0260 
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May 10.98 -1.8145 -0.0443 0.0696 2.6133 0.0410 0.0090 

Jun 13.60 -2.7581 -0.0479 0.0058 2.6379 0.0317 0.0083 

Jul 14.20 -2.9274 -0.0336 0.0034 3.4367 0.0271 0.0006 

Aug 13.49 -2.1049 -0.0209 0.0353 2.9283 0.0200 0.0034 

Sep 11.27 -0.2177 -0.0023 0.8276 2.4809 0.0341 0.0131 

Oct 6.89 -0.6532 -0.0108 0.5136 3.3269 0.0448 0.0009 

Nov 3.32 0.2177 0.0011 0.8276 3.0858 0.0379 0.0020 

Dec -0.06 0.2177 0.0011 0.8276 -0.3145 -0.0037 0.7531 

Annual 6.57 -1.7903 -0.01866702  0.0734 3.3145 0.025942 0.00092 

 258 

 259 

 260 

Figure 2: Decadal change in Maximum and Minimum temperature  261 

 262 

Figure 3: Maximum temperature of the Chamoli district from 1982-2020 263 
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 264 
Figure 4: Minimum temperature of the Chamoli district from 1982-2020 265 

 266 

 267 

Figure 5: Temperature Anomalies of the Chamoli district 268 

Further, monthly and annual average, maximum and minimum temperature trends have been 269 

analyzed using MK trend test and Sen’s slope at 95% confidence level. Temperature anomalies of 270 

the district over the study period is presented in Figure-5. The trend for monthly maximum 271 

temperature showed a non-significant decreasing trend (except for the months of June, July and 272 

August) while a significant increasing trend for minimum monthly temperature was obtained for 273 
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all months (except for December). The overall annual temperature observed in the study area is 274 

attributed to an increase in minimum temperature. The increase of minimum temperature is more 275 

pronounced than any change in maximum temperature over the studied years.  276 

Relative Humidity 277 

Table 3: MK Trend test of Relative Humidity from 1982-2020 278 

Month Z value Sen's Slope P-Value 

Jan 2.0807 0.4117 0.0374600 

Feb 1.9719 0.3863 0.0486200 

Mar 1.8629 0.3843 0.0624700 

Apr 2.7704 0.4214 0.0055990 

May 3.0607 0.4375 0.0022080 

Jun 2.8672 0.4586 0.0041420 

Jul 4.1613 0.3229 0.0000316 

Aug 3.7866 0.1958 0.0001527 

Sep 2.4678 0.2117 0.0136000 

Oct 3.2543 0.3982 0.0011370 

Nov 4.0162 0.4548 0.0000592 

Dec 1.5000 0.1867 0.1336000 

Annual 4.9113 0.3703 0.0000009 

 279 

 280 

Figure 6: Relative Humidity of the Chamoli district from 1982-2020 281 
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An increase in humidity which represents the good amount of moisture availability in study area 282 

has been observed. The relative humidity has been constantly high or increased in the month of 283 

July, August and September after 2010 (Figure-6). Before 2010, the relative humidity is fluctuating 284 

over the studied time period. The MK monthly trend report shows a significant increasing trend 285 

for relative humidity for all months; whereas May, July, August and September months are with 286 

highest z values (Table-3). Increase in Z value represents the highest increment of relative 287 

humidity.  288 

Land Surface Temperature 289 

Land surface temperature was analyzed for 2000, 2008, 2013 and 2020 for Chamoli district. 290 

Estimated LST profile of the study area indicates that the temperature is fluctuating very high in 291 

this district whereas maximum LST is continuously increasing. Maximum LST was 33.66 0C in 292 

year 2000 then 35.650C in 2008, where the maximum temperature was increased by 1.990C from 293 

2000 to 2008. Further, the maximum temperature was decreased by 4.04 0C from 2008 to 2013. 294 

Again, the temperature was increased by 5.08 0C from 2013 to 2020. Overall, the maximum 295 

temperature was increased by 3.03 0C from 2000 to 2020. The minimum temperature was 296 

increased by 10.53 0C from 2000 to 2020. 297 

 298 
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Figure 7: Maximum and Minimum land surface temperature of the Chamoli district299 

          300 

  Figure 8: LST of Chamoli district year 2000     Figure 9: LST of Chamoli district year2008 301 

               302 

Figure 10: LST of Chamoli district year 2013     Figure 11: LST of Chamoli district year 2020 303 
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The major findings of the LST analysis were represented through temperature profile in and around 304 

Tapovan-Vishnugad Hydroelectric Power Plant (Table-4). The buffer distance of 5 km were 305 

created to analyse LST from Tapovan-Vishnugad Hydroelectric Power Plant (Figures- 8,9,10, 306 

&11). Maximum LST in all buffer zone results indicate that A is 31.65 0C in 2000 and 28.350C in 307 

2008 whereas it increases up to 28.780C in 2013 and 27.490C in 2020, B is 31.65 0C in 2000 and 308 

34.46 0C in 2008 whereas its decreases in 2013 i.e., 28.890C and increases in 2020 i.e., 30.880C, 309 

C is 30.830C in 2000 and 34.460C in 2008 whereas its decreases in 2013 i.e., 29.730C and increases 310 

in 2020. D is 31.650C in 2000 and 32.050C in 2008 whereas its decreases in 2013 i.e., 28.950C and 311 

huge increase in 2020 i.e., 35.690C. Whereas, minimum land surface temperature results indicate 312 

that A is -4.040C in 2000 and 1.370C in 2008 then sudden increase in 2013 i.e., 3.950C and decrease 313 

in 2020 i.e., -5.870C. B is about -18.450C in 2000 and its increases in 2020 i.e, -16.580C. C is about 314 

-28.130C in 2000; then, it increases in 2020 i.e., -24.040C. D is -31.910C in 2000 and it’s also 315 

increases in 2020 i.e., -27.400C respectively (Figure-7). 316 

Table 4: Minimum and Maximum LST in all buffer distances 317 

Buffer 

Distance 

2000 2008 2013 2020 

  min max min max min max min max 

A (0-5Km) -4.04 31.65 1.37 28.35 3.95 28.78 -5.87 27.49 

B (5-10km) -18.45 31.65 -11.56 34.46 -8.71 28.89 -16.58 30.88 

C (10-15km) -28.13 30.83 -19.11 33.66 -15.19 29.73 -24.04 30.27 

D (15-20km) -31.91 31.65 -24.54 32.05 -22.59 28.95 -27.4 35.69 

 318 

Relative change of LST: 319 

It can be observed that the relative change in land surface temperature from 2000 to 2020 indicates 320 

that LST decreased about -13.6 % in some areas that is mainly in barren land which is near by 321 

glacier area, while the LST is increased by 0-8% in the overall study area (Figure-12). The major 322 

increase of 2-8% in LST can be observed mainly in glacier/snow and built-up areas.  323 
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 324 

Figure 12: Relative change of Land Surface Temperature 325 

Land use Land cover change 326 

Spatial and temporal evaluation of land use land cover change covering nine classes, viz.- barren 327 

land, dense forest, built-up, water bodies, fallow land, vegetation, snow/glacier, other features and 328 

shadow of 2000 and 2020 are shown in figures-13 & 14.  329 

 330 
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 331 

Figure 13: Land use land cover of Chamoli district 2000 332 

 333 

Figure 14: Land use land cover of Chamoli district 2020 334 
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Table 5: Statistical analysis of land use land cover change 335 

Class Name 2000 (Km2) Area % 2020 (Km2) Area % 

Built-up 552.58 7.27 1094.15 14.39 

Water Bodies 155.41 2.04 103.78 1.36 

Dense Forest 1920.51 25.26 1843.55 24.24 

Vegetation 290.81 3.82 385.88 5.07 

Fallow land 671.33 8.83 307.24 4.04 

Other Features 732.09 9.63 138.96 1.83 

Snow/Glacier 2610.07 34.32 3039.52 39.97 

Shadow 434.00 5.71 446.46 5.87 

Barren land 237.19 3.12 244.46 3.21 

Total 7604 100 7604 100 

 336 

Spatial analysis of land use land cover pattern has been extracted using supervised classification. 337 

The land use land cover classification results indicated that built-up area occupied 7.27%  in 2000 338 

whereas it increased to 14.39% in 2020; dense forest was occupied about 25.26% in 2000 and 339 

24.24% in 2020; water bodies covered 2.04 % in 2000 which has reduced to 1.36 % in 2020; 340 

vegetation covered 3.82% in 2000 and 5.07% in 2020; fallow land was about 8.83% in 2000 and 341 

4.04% in 2020; snow/glacier covered 34.32% of the area in 2000 and 39.97% in 2020; whereas 342 

barren land was about 3.12 % in 2000 and 3.21% in 2020; other features occupied about 9.63% in 343 

2000 and 1.83% in 2020 (Table-5). 344 

Inventory of Glacial Lakes in Chamoli district: 345 

Glacial lake has been identified using Landsat satellite image and Google Earth image. A total of 346 

~500 glacial lakes has been identified in the district; whereas, some of the studies reveals that there 347 

are more than 700 lakes including large, small and very small glacial lakes (Glacial Lakes of 348 

Uttarakhand, IIRS, ISRO, 2020). Bhambri et al. (2015) identified 1266 glacial lakes in 349 

Uttarakhand state using satellite imageries of the years 2011-2013; among those, 809 glacier lakes 350 

are classified as ice-dammed lakes (supra glacial lakes), 329 glacial lakes are identified as moraine 351 

-dammed lakes, 125 are identified as glacier erosion lake and rest of the glacial lakes are classified 352 

as other glacial lake. Features of lakes and associated glacier have a crucial role in determining 353 

GLOF; for instances, lake feeding source, proximity to glacier, glaciers snout, steepness, lake 354 

elevation, glacier calving, evolutionary pattern etc. (Shukla et al., 2018; Huggel et al., 2002; 355 

ICIMOD 2011). Elevated lakes with a higher force of gravity viz. greater than 3500 m are 356 
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susceptible to GLOF (Mohanty and Maiti, 2021; ICIMOD, 2011; Lu et al., 1999). As a 357 

consequence of increase in lake discharge, expansion rate of lakes at steep slopes are high as 358 

compared to low gradient lakes. The results indicate that 40.92% of the glacial lakes lies in 5000-359 

6000 m elevation, 57.91% of the glacial lakes lies in 4000-5000 m elevation and 1.15% of the 360 

glacial lakes lies in 3000-4000 m elevation (Table-6). It was observed that 20.65% of the glacial 361 

lakes identified in the study area are fed by the glaciers. They are found to be in contact with the 362 

glaciers or in the vicinity of the glaciers (~500 m) also known as pro-glacial lakes while the rest 363 

of the lakes are unconnected glacial lakes or supraglacial lakes. These lakes were found to be at 364 

an elevation > 4600 m. Thus, making it highly vulnerable.  365 

Table 6: Elevation profiling of Glacial lakes 366 

 367 

 368 

 369 

 370 

 371 

 372 

Sl. No. Elevation (m) Percentage of Lakes 

1. 3000-4000 1.15 % 

2. 4000-5000 57.91 % 

3. 5000-6000 40.92 % 

Figure 16: Glacial lakes in Chamoli district 

 

Figure 17: Map showing glacial lakes along 

with glacier in Chamoli district (Data 

Source: Randolph Glacier Inventory) 
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Implications of Glacial lakes’ characteristics 373 

In the study area, three types of lakes have been identified viz., Glacier fed lakes (GFL); 374 

supraglacial lakes (SGL) and Unconnected glacial lakes (UGL). The proglacial and Ice marginal 375 

lakes have been merged as Glacier fed lakes (GFL). The study reveals that the percentage of SGL 376 

are highest in the region (57.14%) followed by unconnected lakes (22.20%) and glacier fed lakes 377 

(20.65%) (Table 7). Moreover, most of the SGL are found to be at lower elevation (3880-5710m 378 

ASL) as compared to unconnected (4252-5721 m ASL) and Glacier fed lakes (4108-5789m ASL).  379 

Table 7: Different types and numbers of lakes with respect to elevation 380 

Sl. No. Types of Lake No. of 

Lakes 

Elevation 

(m) 

Percentage of 

lakes 

1. Glacier fed Lakes (Pro-Glacial 

lakes (PGL) or Ice Marginal 

Lakes (IML)) 

107 4108-5789 20.65 

2. Supraglacial Lakes (SGL)  296 3880-5710 57.14 

3. Unconnected Glacial lakes 

(UGL) 

115 4252-5721 22.20 

It is also seen with the help of google earth images that most of the SGL are in the lower ablation 381 

zones of the glaciers (tongue of the glacier) as well as in debris covered glaciers; similar 382 

observations were made by other researchers too (Benn et al., 2001, 2012; Westoby et al., 2014; 383 

Shukla et al., 2018). This will act as a hotspot for ablation and can locally enhance melting rates 384 

by a factor of three to 13 compared to the surrounding debris-covered ice (Buri and others, 2016a; 385 

Brun and others, 2018). Therefore, the increasing number of SGL can be an alarm to the valley as 386 

these SGL are a hotspot of high risk melting which can lead to sudden outburst after several years 387 

or with any onset of extreme weather event, for instance., Chorabari glacial lake outburst (Sakai 388 

et al., 2000; Benn et al., 2012; Das et al., 2015; Thompson et al., 2016; Miles et al., 2017). The 389 

water from SGL can seep through the glacier ice, lubricating the glacier-bed and sometimes 390 

resulting in glacier surges (sudden advances of glacier ice). It could also lead to collapse of roof 391 

of englacial conduit which would accelerate the ablation process thus can trigger GLOFs (Shukla 392 

et al., 2018). Moreover, merging of SGL could result in the formation of much larger lakes and 393 

proglacial lakes behind the loose moraine which increases the potential for outburst (Field et al., 394 
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2012; Worni et al., 2014; Gurung et al., 2017) (For instance, figure 18). Furthermore, the proglacial 395 

lakes also have severe implications related to the glacier health and human well-being which may 396 

instigate the calving process leading to an increased terminus disintegration and higher retreat 397 

(Warren and Kirkbride, 1998; Benn et al., 2001, 2012; Sakai, 2012). Moreover, the lakes which 398 

have stable surface drainage are less vulnerable to outburst floods than glacial lakes with an 399 

underground drainage system. The reasons behind this vulnerability are erosion, breach formation 400 

and blocking of intra-moraine channels by thermokarst process, which lead to lake overflow 401 

(Erokhin et al., 2018; Narama et al., 2018; Petrakov et al., 2012, 2020; Schmidt et al., 2020). 402 

Change in Characteristics of Glacial lakes:  403 

The glacial lakes are changing continuously for the past 4 decades (2000-2020) (Figure 18). The 404 

growth of glacial lakes and the melting of subaqueous ice or ice cliffs are both influenced by lake 405 

and its surrounding temperature (Sakai et al., 2009; Benn et al., 2012). Higher insolation causes 406 

increased melting of snow/ice, which might get trapped behind the natural barriers or collect in 407 

pre-existing topographic depressions, resulting in the formation of different types of lakes (Shukla 408 

et al., 2018).  409 

Table 8: Volume (in m3 x 106) of the Glacial Lake from 2000 to 2020 410 

Glacial Lake 2000 2008 2013 2020 

GL 1 1.59 2.79 2.99 4.03 

GL 2 5.77 8.11 8.14 19.68 

GL 3 0.97 1.14 1.05 1.78 

 411 

Figure-18 shows three major lakes undergoing changes over past few decades. GL1 shows that the 412 

SGL is expanding over the time period hence the volume has been increased by 2.44 m3 x 106 413 

volume from 2000 to 2020 (Table 8). GL2 is another SGL which volume is continuously increasing 414 

which resulted in increase in volume by 13.91 m3 x 106 from 2000 to 2022; whereas, the findings 415 

indicates that if glaciers are melting continuously then it’s possible that GL2 can be transformed 416 

into a Proglacial lake due to the merging of small glaciers. GL3 is Proglacial lakes which has also 417 

experienced increase in its volume by 0.80 m3 x 106 during the studied period.  418 
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Figure 18: Map showing change in Supraglacial Lakes (SGL) and Proglacial Lakes (PGL), 419 

from 2000 to 2020 in Chamoli district  420 

 421 

 422 

Jo
urn

al 
Pre-

pro
of



Figure 19: Map showing change in LST in Glacial lakes from 2000 to 2020 in Chamoli 423 

district  424 

Previous studies imply that with the increase in temperature in the glaciated regions, the heated 425 

water in the lakes expands the englacial conduit, which drains water from the lakes and causes 426 

internal ablation (Sakai et al., 2000). It has been observed in this study that with the increase in 427 

temperature over the years, the glacial lakes are increasing in terms of area. For instance, figure 428 

19 illustrates the lakes and their surrounding land surface temperature. It is clearly seen that the 429 

temperature of the lake and nearby areas has increased over the years and so is the area of the lakes 430 

with the passage of year from 2000 to 2020. The change in glacial lakes mainly due to the increase 431 

in heat intensity and environmental degradation. Since the observation of LST in the surrounding 432 

region of Glacial lakes (Figure 19) indicates that LST may one of the reasons to increase the 433 

volume of lake over the time period. GL 1 indicates that the LST has been increased in 2013 from 434 

2000, similarly in GL2 and GL3, the LST reaches the high value in 2008 and 2013 i.e., ~36.69 oC.  435 

Seismicity in study area 436 

Figure 20: Occurrence of seismic events in and around study region (2000-2020) 437 

Uttarakhand being located in high seismicity zone, the state has experienced two high magnitude 438 

earthquakes (Uttarkashi and Chamoli) and many minor and medium shakes, which is due to the 439 

presence of several tectonic discontinuities in the region, viz.- Himalayan Frontal Fault; HFF, 440 

Main Boundary Thrust; MBT and Main Central Thrust; MCT. Figure-20 shows the seismic 441 

activities in the region since 2000. The magnitude of seismic events is increased after 2008; 442 

whereas in year 2000 to 2005 the average magnitude of seismic events is 4.19 further from 2005 443 
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to 2010 is 4.33 and 2011 to 2020 is 4.57. From 2000 to 2005; the magnitude of seismic events is 444 

ranging from 3.5 to 4.8 whereas from 2005 to 2008; it ranges from 3.5 to 5.1 and from 2008 to 445 

2020 the magnitude is ranging from 3.7 to 5.2. The results also indicates that during the recent 446 

years, from 2016 to 2020, the occurrence of higher magnitude earthquakes was increasing as 447 

compared to previous years. 448 

There are evidences where glacier bursts are prompted by seismic activities of the region.  449 

Association of seismic activities with GLOF induced hazards are reported in Himalayan region 450 

(Maurer et al. 2020; Dugar and Dahal, 2014). Increase in seismic activity and a build-up of 451 

hydrological pressure also leads to glacier burst. Hence the monitoring of seismic events in glacier 452 

region demonstrates various surface activities such as river bedload transport and debris flow 453 

further indicates the seismic results ability to provides a specific insight on flood mechanism from 454 

seismic records. (Badoux et al., 2009; Burtin et al., 2008; Burtin et al., 2016; Cook et al., 2018; 455 

Schmandt et al., 2013). A scenario of Tsho Rolpa, which is highly affected with GLOFs and one 456 

of the most highly vulnerable risk zones in Nepal where GLOFs are damned by moraine banks 457 

and these moraines are inherently unstable structures that are easily exacerbated by earthquakes or 458 

landslides. Since the monitoring of seismic activities is needed to control the damage due to 459 

GLOFs.  460 

Discussions 461 

Chamoli district is one of the major eco-sensitive zones of Himalayan region (Kumar et al., 2018). 462 

The present analysis shows the change in environmental parameters and their impacts in eco-463 

sensitive zone. Since, the various geoclimatic parameters have been analysed for Chamoli district 464 

including Maximum and Minimum Temperature, Relative Humidity, Land use Land Cover 465 

change, Land Surface Temperature and Seismicity. The results indicate that built-up area has 466 

increased from the year 2000 to 2020 by 541.57 Km2 which leads to a range of disturbances in the 467 

eco-sensitive zone. Anthropogenic pressure in the form of urbanization and consequent decrease 468 

in forest cover are major threats for the pristine ecosystems of the district, making it vulnerable to 469 

occurrence of natural hazards as well as human induced intensity of damage. Study findings show 470 

that forest cover has been decreased by 1.02% from 2000 to 2020. Other research reveals that the 471 

annual rate of change in forest cover was 0.22% from 1976-1998 and 0.27% from 1998-2014 in 472 

the region (Batar et al., 2017).  The loss of forest and fallow land is one of the major indicators 473 
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which show transition to built-up area. As per the results, major changes occurred in fallow 474 

land, other features, dense forest and also in barren land. The forest cover has been degraded due 475 

to anthropogenic activities and natural climatic factors, which impacts are also visible in form of 476 

increasing LST. Increase in LST mainly due to the increase in built-up area for human settlement 477 

and construction of hydroelectric power plants. Maximum and Minimum temperature results 478 

reveal that the minimum temperature is gradually increasing while maximum temperature is 479 

decreasing. Increase in temperature and incessant rainfall events facilitates further melting and 480 

increase in number and volume of the lakes (Reynolds, 2000; Benn et al., 2012; Field et al., 2012; 481 

Field 2014; Riaz et al. 2014; Crammer 2014; Thompson et al., 2016; Pandey et al., 2021; Ahmed 482 

et al, 2021). The findings are suggestive of probable threats from changing ambient as well and 483 

land surface temperature which may lead to frequent and intensified glacial lake related hazards.  484 

According to GSI from 2014-16, 486 glacial lakes of Uttarakhand were identified and 13 lakes 485 

were reported for highly vulnerable to GLOF and close to Rishiganga and Dhauliganga valley. 486 

As per the ICIMOD, there are 1439 glaciers and 127 glacial lakes in Uttarakhand (Table-9). In 487 

Himachal Pradesh, there are 2554 glaciers and 156 glacial lakes- according to ICIMOD 16 lakes 488 

are considered as highly vulnerable risk zone (Bhagat et al., 2004). In a study of Sah et al., 2005 489 

demonstrated that none of the lakes are potentially vulnerable or dangerous. Recent incidents on 490 

17th June 2013, Kedarnath GLOF and also on 7th Feb 2021 massive GLOF disaster have many 491 

consequential damages. The average surface temperature is increasing from Little Ice Age which 492 

is ranges in between 0.3 O C to 0.6OC (ICIMOD 2007). As per the IPCC report 2007, temperature 493 

will be increased in Himalayan region from 1O to 6OC by 2100 (Banerjee et al., 2013). Whereas 494 

the recent IPCC report (IPCC-AR-6, 2021) has reported with high confidence that warming has 495 

occurred in the Himalayas and has increased with altitude. Such elevation-dependent warming has 496 

the potential to change glacier equilibrium and snow line at a faster rate, which indicates alarming 497 

consequences in the future.  498 

Table 9: Glaciers, glacial lakes and potentially dangerous lakes in IHR covered by 499 

Uttarakhand state (Source: ICIMOD) 500 

River Basin Glaciers Glacial Lakes  
Number Area 

(sq.km) 

Ice 

reserves 

(cu.km) 

Number Area 

(sq.km) 

Potentially 

dangerous 

Uttaranchal (Uttarakhand) 
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Yamuna 124 173 17.88 20 0.17 0 

Bhagirathi 393 1034 143.41 32 0.44 0 

Alaknanda 540 1675 191.36 54 1.37 0 

Kali 382 1178 122.78 21 0.51 0 

Total 1439 4060 475.43 127 2.49 0 

Tista river basin 

(Total) 

285 577 64.78 266 20.2 14 

 501 

Various scientific studies in Himalayan region revealed that a large number of lakes are capable 502 

to produce GLOFs which can cause downstream damage (Dubey and Goyal 2020; Worni et al., 503 

2013). In the Trans-Himalayan of Ladakh region, it has been observed that a proglacial lake 504 

extended from 3.06 ha in 1969 to 11 ha in 2019 and 25% of the lake drained with a peak 505 

discharge of 470m3S-1 which inundating an area of ~4Km2 in Gya Village. It was mentioned 506 

that breaching of terminal moraine might be 5.5 times greater than the 2014 GLOF event in 507 

Gya, Ladakh (Majeed et al., 2020). In a recent study, Dubey and Goyal (2020) analysed the 508 

potential downstream impact of 329 lake in Indian Himalayan region where they indicated that 509 

36 lakes are susceptible to avalanche impact zones. Moreover, Worni et al. (2013) mapped 251 510 

glacial lakes where 12 lakes are critical and 93 are susceptible for lake outburst and potential 511 

downstream exposure. A study in Uttarakhand reveals that 16 out of 78 tehsils are vulnerable 512 

to GLOFs. Scientific evaluation by Wadia Institute of Himalayan Geology stated that Dehradun 513 

has 1266 glacial lakes; where 10-11 Moraine Dam glacial lakes are highly vulnerable to lake 514 

outburst. Recent studies in climate change reveal that Indian Himalayan Glaciers are retreating 515 

(Taloor et al., 2021).  It was mentioned that 1/3rd of Uttarakhand is at high risk of glacier floods. 516 

5000 glacial lakes were reported and identified in Indian Himalayan region where the analysis 517 

reported that 500 glacier lakes in Uttarakhand at risk of a glacial outburst.  518 

A new Intergovernmental Panel on Climate Change (IPCC) report 6 warns that unless there are 519 

immediate rapid and large-scale reductions in greenhouse gas emissions, limiting warming to 520 

close to 1.5o C or even 2o C will be beyond reach. The reports also envisaged that there will be 521 

an increase in frequency of heat waves in the coming decade with the rise in global warming. 522 

However, the increase in Snow/Glacier cover by 5.65% has made a positiveness in this eco-523 

sensitive zone. Snow/Glacier cover maintains the pattern of cooling and heating of the earth’s 524 

surface. Nepal et al., 2021 projected that snow cover area is reduced by 25% by end of century 525 
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in Western Himalayan region. Hence the increase in snow cover in Chamoli districts provides 526 

a encouraging indication in maintaining the balanced earth’s temperature.  527 

Increase in built-up as well as increase in construction activities of Tapovan-Vishnugad 528 

Hydroelectric power plant might have generated several disturbances in the natural landscape 529 

of Chamoli district. The results of LST suggested that the minimum and maximum land surface 530 

temperature increased from 2000 to 2020. However, the construction of Tapovan-Vishnugad 531 

Hydroelectric power plant was started in November 2006. For the analysis, we have taken the 532 

data after 2 years from the beginning of construction of the power plant. The results of LST 533 

shows that LST has increased near the buffer zone in 2008 as compared to 2000. Power 534 

production of the hydroelectric powerplant was expected to begin in 2012 but due to flash flood 535 

in 2013 delayed its production. The diversion tunnel was completely destroyed along with the 536 

under-construction cofferdam. Further, the LST was also analysed for the year 2013 that 537 

represents the LST has decreased in buffer zone BCD. Further the LST was significantly 538 

increasing in Buffer Zone BCD. The relative change of LST exhibits the major changes in 539 

glacier and built-up region. These anthropogenic activities and global climate change can be 540 

associated as major reasons for creating disturbances in the eco-sensitive zone.  541 

The results of the present studies on changing physical landscape, anthropogenic interventions 542 

in sensitive zones, high seismicity in the region, change in climatic parameters as well as land 543 

surface temperature are critical aspects with regard to increasing vulnerability to glacial lake 544 

related hazards. Recent event of glacial lake outburst flood in Chamoli district on 7th Feb 545 

2021due to avalanche or landslip or cloudburst in the catchment, reveals that glacial lake can 546 

cause massive flood with tremendous damage in the downstream. This glacial burst damaged 547 

the Hydroelectric power plant in Tapovan and hundreds of people were dead. Hence, continuous 548 

and real time monitoring and assessment of glacial lakes is required to analyse the vulnerable 549 

zones or threat factors.  550 

Conclusion 551 

The results of the study show that increasing trend of minimum ambient temperature, high 552 

seismicity, changing physical landscape and land surface temperature in Chamoli district tend to 553 

position the glacial lakes in a more vulnerable status. The changes in the lakes assessed for area 554 

and volume provide evidence for the dynamic nature of glacial lakes in the study area, making 555 
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them prone to outbursts. GLOFs can be discussed in two ways; primarily when moraine banks, 556 

deposited rock burst due to earthquake that results in a GLOF and secondly, increase in glacial 557 

lake due to glacier retreat or high precipitation. The direct control over these factors cannot be 558 

achieved by human action. Nevertheless, damage intensity can be minimized through proper 559 

monitoring and development of alarm system. Detailed hydrological mass balance studies can 560 

support to identify potential hazard zones. On the other hand, real time monitoring and decision 561 

making for developing alarm system can reduce devastation on human population. Rational 562 

decision on further anthropogenic landscape change in the region as well curtail future human 563 

intervention in the landscape can help in abatement of disaster impacts. 564 

Annexures: 565 
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