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                     Abstract 
 Recent studies on climate change in the fragile landscapes of the Indian Himalayan region have shown that they are highly 

susceptible to climate change. Glaciers, snow, and permafrost interact and respond to climate in distinct ways and there is 

continual concern about current and projected climate change implications. Floods, landslides, glacial lake outburst fl oods 

(GLOFs), and shifting precipitation patterns are all potential hazards in the Baspa River Basin. These risks have the poten-

tial to disrupt the region's socioeconomic fabric and imperil human lives, infrastructure, agriculture, and ecosystems. The 

study aims to map glacial lakes of the Baspa River basin using medium-resolution (15 m) Landsat satellite images for the 

year 2020. The study used geospatial methods for instance the normalized diff erence water index (NDWI) including manual 

vectorization of lakes using Google Earth imagery to conduct a semi-automatic approach for mapping glacial lakes. In 2020, 

a total of 42 glacial lakes were identifi ed, each with an area equal to or exceeding 0.25 hectares. Also, the study evaluated 

the spatial and temporal evolution of lakes from 2000 to 2020 in connection to the changing climate within the river basin. 

This research provides an essential data repository of glacial lakes and lays the underpinning for long-term evaluation and 

monitoring of GLOF events in the research area. 

   Keywords     Glacial Lake    ·  Climate change    ·  Indian Himalayan Region    ·  GLOFs    ·  NDWI  

      Introduction 

 Glaciers within the Himalayan region are melting exces-

sively fast due to rising temperatures caused by climate 

change. Numerous studies on Himalayan glaciers reveal 

that some of these glaciers have experienced faster reces-

sion rates in response to climate change in recent decades 

(Kulkarni et al.  2011 ; Lee et al.  2021 ; Khadka et al.  2023 ). 

As a result of global warming, the number and size of poten-

tially hazardous glacial lakes in the Himalayas have risen 

(Richardson and Reynolds  2000 ; Nie et al.  2013 ). The melt-

ing water from these glaciers amalgamates and collects, 

creating glacial lakes or augmenting those that already exist 

(Rinzin et al.  2021 ). A glacial lake is a body of water that 

forms inside, beneath, alongside, or in front of a glacier as 

a result of glacier activity or glacier retreating processes 

(Dimri et al.  2016 ). Numerous glacial lakes may be found in 

the Himalayas and Tibetan areas (Khadka et al.  2018 ). These 

glacial lakes can serve as freshwater reservoirs (Mergili et al. 

 2013 ), but they can also outburst and cause catastrophic 

glacial lake outburst fl oods (GLOFs) in the downstream 

region, endangering people and infrastructure (Richardson 

and Reynolds  2000 ; Benn et al.  2012 ). The occurrence of 

such lakes in the area also refl ects the changing climate in 

that area (Chen et al.  2007 ) as change in the climate is sup-

posed to cause an increase in the lake number and area in 

the Himalayas (Khadka et al.  2023 ). 

 Climate changes in hilly regions impact glacial lake 

formation as well as their growth (Allen et al.  2019 ). The 

changing climate in the mountains leads to rising glacial 

lakes number and size which might induce glacial lake out-

burst fl oods (GLOFs) (Thati and Ari  2022 ). The documenta-

tion of numerous disastrous events, such as the Chorabari 

GLOF event (Uttarakhand) in 2013 (Anand  2014 ), Nare 

Lake (Nepal) in 1977 (Higaki and Sato  2012 ), and Lugge 
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Tsho Lake (Bhutan) in 1994 (Watanbe and Rothacher  1996 ), 

provides evidence that the Himalayas are vulnerable to 

GLOF risk. 

 It is also estimated that by 2030, the majority of districts 

in Himachal Pradesh might be warmed by 2–3 °C (Upgupta 

et al.  2015 ). Thus, resulting in increased retreating of gla-

ciers in the area and the formation of proglacial lakes. Past 

GLOF events have impacted the state, such as the 2005 out-

burst of the Paree Chu Lake in China (Gupta and Sah  2008 ). 

Also, various studies in the Baspa basin have demonstrated 

that the region's fl uctuating climate has infl uenced snow 

retreat and boosted stream fl ow in the river (Kulkarni and 

Alex  2003 ). This varying climate can result in the creation of 

glacial lakes and the expansion of existing lakes in the Baspa 

basin. Therefore, increasing the risk of fl ood in the area due 

to the presence of such glacial lakes. 

 Many signifi cant research studies have established vari-

ous inventories on glacial lakes in the state of Himachal 

Pradesh (Bhambri et al.  2018 ), the Indus River Basin (Gupta 

et al.  2022 ), and the Satluj River Basin (Randhawa et al. 

 2021 ). The majority of inventories rely on satellite imagery 

with varying resolutions considering fi eld surveys in the 

Himalayan region are challenging due to the region's rugged 

topography and inaccessible places. According to Huggel 

et al. ( 2002 ), remote sensing has largely shown to be a use-

ful method for the identifi cation of GLOFs in inaccessible 

mountainous locations as well as for continuous monitoring 

of GLOFs. In addition to the glacial lake inventory, there 

is a need to study the spatiotemporal changes in the glacial 

lakes for proper monitoring of the glacial lakes henceforth, 

timely mitigation of the hazards such as GLOFs. Therefore, 

to address this need the main objectives of this research are 

to map glacial lakes within the Baspa River Basin, India by 

using the Landsat satellite imagery with a minimum area of 

glacial lake to be 0.25 ha. Furthermore, the study aims to 

assess the dynamics of glacial lakes, particularly in relation 

to the changing climate in the study site. 

    Study area 

 Baspa River flows in the Kinnaur district of Himachal 

Pradesh, India, and is a signifi cant tributary of the Satluj 

River, which rises to an altitude of almost 5141 m above 

mean sea level in the Great Himalayan Mountain Range, 

originates in Tibet (Singh et al.  2021 ). Baspa river basin lies 

in between the extent of longitudes 78◦00′ to 78◦50′ E and 

latitudes 31◦05′ to 31◦30′ N with an area spanning around 

1057.55  km 2  as shown in Fig.  1 .         

 The basin’s altitude ranges from 1925 to 6179 m above 

mean sea level. Arsomang and Baspa Bamak glaciers are 

where the Baspa River gets its origins, at Karchham it dis-

charges into Satluj River after fl owing around 75 km. (Kaur 

et al.  2010 ). 89 glaciers with altitudes ranging from 3800 to 

6400 m a.s.l constitute about 238.65  km 2  (22%) of the area 

(Gaddam et al.  2016 ). The basin has four major glaciers, 

including Shaune Garang, Karu, Baspa Bamak, and Jorya 

Garang. The summer months, from May to September in a 

hydrological year, have the highest discharge in the valley 

(Gaddam et al.  2016 ). Westerly weather disturbances domi-

nate in the upper basin and are responsible for considerable 

precipitation (Mir et al.  2017 ). The average annual rainfall in 

the basin fl uctuates between 800 and 1400 mm, with average 

lowest and maximum temperatures of − 11 °C and 32 °C, 

respectively. 

    Methodology 

 The United States Geological Survey (  https:// earth explo 

rer. usgs. gov    ) Landsat 8 OLI (Operational Land Imager) 

multispectral satellite images were used for mapping of the 

glacial lakes in the Baspa River basin for the year 2020. 

The Landsat 8 OLI imagery was chosen because of its large 

ground coverage (swath 185 km) and appropriate resolution. 

 (15–30 m) (Chen et al.  2021 ). The details of the imagery 

utilized are shown in Table  1 . The satellite images from 

October were used since there was no cloud cover towards 

the end of the ablation season, making those images ideal 

for the study of glacial lakes (Chand et al.  2017 ). For the 

purpose of spatial and temporal study of the glacial lakes, 

Landsat images of the year 2000 and 2011 were used. The 

visible bands of Landsat OLI 8 were utilized to construct a 

multispectral image, which was pan sharpen to higher 15 m 

spatial resolution using panchromatic band for enhanced gla-

cial lake identifi cation and mapping. (Chand et al.  2017 ). 

Google Earth images were utilized extensively for glacier 

lake categorization and verifi cation. The fl ow chart of the 

current study is shown in Fig.  2 .          

 In this study, glacial lake mapped were of size ≥ 0.25 ha 

and a buff er distance of 10 km from the closest glacier ter-

mini was chosen based on the Randolph Glacier Inventory, 

RGI (v6.0), data (  https:// www. glims. org/ RGI/ rando lph60. 

html    ) (Zhang et al.  2015 ). Using the Digital elevation model 

CartoDEM from the Bhuvan Portal, topographic informa-

tion, including slopes and aspects, was generated. 

   Glacial Lake mapping 

 For the delineation of glacial lakes, there are several meth-

ods such as manual vectorization and mapping (Bhambri 

et al.  2018 ); Normalized Diff erence Water Index (NDWI); 

and automated methods like deep learning techniques (Kau-

shik et al.  2022 ). However, in this study, the NDWI (Eq.  1 ) 

and manual mapping methods were combined, along that 

cross-verifi cation with Google Earth images having high 
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resolution was done (Mal et al.  2020 ). Huggel et al. ( 2002 ) 

defi ne NDWI as a normalization of the green and near-infra-

red bands.

       
 (1)NDWI = (Green − NIR)∕(Green + NIR)

 The NDWI map of the Baspa River Basin is shown in 

Fig.  3 .         

    Glacial Lake classifi cation 

 High resolution Google Earth imagery and visual analysis 

of Landsat 8 OLI satellite data were used to classify the 

glacial lakes in the research region. Each lake has been pro-

vided with the GLIMS lake ID (Bajracharya et al.  2020 ). 

According to Mool et al.  2011  and Gupta et al.  2022 , Lakes 

have been divided into four main classes and ten subclasses. 

The four main classes of glacial lakes are shown in Table  2 : 

moraine-dammed lakes, ice-dammed lakes, glacier ero-

sion lakes, and other glacial lakes. The same classifi cation 

scheme is used in this study as well. Examples of a few gla-

cial lakes along with their types are shown in Fig.  4 .          

  Fig. 1       Study area map of Baspa River Basin  

  Table 1       Satellite datasets used in the study area  

  Data particulars    Date    Spatial 

Resolution 

(m)  

  Path/Row    Source  

  Landsat 8 OLI    07–10-2020    15    146/038    USGS  

  Landsat 4–5 TM    13–09-2011    30    146/038    USGS  

  Landsat 7 ETM +     08–10-2000    15    146/038    USGS  
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    Uncertainty analysis of glacial lakes 

 Hanshaw & Bookhagen ( 2014 ) state that the error estimate 

approach is predicated on the notion that mapping and area 

measurement errors are Gaussian distributed, meaning 

approximately 69% (1σ) of the mapped pixels are prone 

to mistakes. According to Hanshaw & Bookhagen ( 2014 ), 

the lake area error of a single glacial lake can be calculated 

as follows:

  Fig. 2       Flow diagram of the methodology used in the study  

  Fig. 3       Normalized Diff erence Water Index (NDWI) map of the Baspa River Basin  
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  Table 2       Classifi cation of glacial lakes (ICIMOD, 2011; Gupta et al.  2022 )  

  Lake Type    Lake Subtype    Code    Identifi cation Keys  

  Moraine-Dammed Lake    End-moraine dammed 

 lake  

  M(e)    Lake dammed by end (terminal) moraines  

  Lateral moraine 

 dammed lake  

  M(I)    lateral moraines that are damming a lake but are not in contact with glacier ice  

  Lateral moraine 

 dammed lake (with ice)  

  M(Ig)    By lateral moraines in contact with glacial ice, a lake is dammed  

  Other moraine 

 dammed lake  

  M(o)    Lake dammed by other moraines (includes kettle lakes and thermokarst 

 lakes)  

  Ice-dammed Lake    Supra-glacial lake    I(s)    Pond or lake on a glacier's surface  

  Glacier ice-dammed lake    I(d)    a glacier-dammed lake without any lateral moraines  

  Glacier erosion lake    Cirque lake    E(c)    A small pond occupying a cirque  

  Glacier trough valley 

 lake  

  E(v)    Lakes formed in the glacier trough due to the erosion action of the glacier  

  Other glacier erosion 

 lake  

  E(o)    Water bodies that inhabit depressions created by glacial erosion  

  Other glacial lakes    Other glacial lakes    O    Lakes developed in the glaciated valley and were supplied by glacial melt, but 

the material of the dam is not a direct result of the glaciation  

  Fig. 4       Classifi cation of glacial lakes in the Baspa River Basin (Google Earth Images)  
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42 glacial lakes i.e., the majority with 54.76% lie between 

5000 and 5500 m a.s.l. Out of these 23, 13 are moraine-

dammed glacial lakes. Past studies have shown that glacial 

lakes are extensively scattered across the Himalayas, with 

elevations ranging from 3000 to 5500 m (Mohanty et al. 

 2023 ). It has also been researched that around higher alti-

tudes (> 5500 m), the majority of glacial lakes are largely 

associated with moraine-dammed lakes (Mohanty et al. 

 2023 ) which are in coherence with this study as well. The 

elevation of the glacial lake is an important parameter to 

consider for preparing the data repository of glacial lakes as 

the growth and formation of lakes are elevation-dependent. 

According to a study on the rate change of glacier area, the 

markedly pronounced glacier retreat was observed from 

5600 to 5800 m from 1977 to 2001, and at elevations rang-

ing from 5800 to 6000 m during 2001–2010 (Wang et al. 

 2013 ). This indicates glacier retreat has relocated to greater 

elevations (Wang et al.  2013 ), which can be linked to the 

occurrence of a signifi cant number of glacial lakes between 

5000 and 5500 m a.s.l in the Baspa River basin.         

 The research area's glacial lakes aspect extends in all 

directions. The majority of glacial lakes, or 8 (19.05%), are 

NE (northeast) oriented, followed by NW (northwest) and 

N (north), which each comprise 7 (16.67%) glacial lakes 

as shown in Fig.  9 , W (west) orientations have the fewest 

glacial lakes, with only 3 (7.14%) presents.         

    Near to glacier 

 The distance between the glacial lake and the glacier is also 

an important parameter to take into account. As temperatures 

rise, the continuous faster retreating of glaciers will result 

in additional meltwater, which could lead to depressions or 

a basin that is signifi cant in size, allowing for the estab-

lishment and growth of glacier-connected lakes (Prakash & Ta
bl
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  Fig. 5       Number and types of glacial lakes  
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Nagarajan  2017 ). Less proximate distance between the gla-

cial lake and glacier has also been noted in earlier research 

as a signifi cant component that infl uences the lake's tempo-

ral expansion in size (Mohanty et al.  2023 ). 

 According to the location of glacial lakes in relation to 

their proximity to glaciers, 30.95% i.e., 13 out of 42 glacial 

lakes lie within 100 m of a glacier. This constitutes majorly 

moraine-dammed lakes, accounting for 23.8% i.e., 10 of the 

total 42 glacial lakes as shown in Fig.  10 . About 26.19% of 

lakes are located within 100 and 500 m from the glacier, fol-

lowed by 23.81% located between 500 and 1000 m from the 

glacier. Only one lake lie beyond 1500 m which is a glacial 

erosion lake.         

    Glacial Lake expansion (2000–2020) 

 The total number and extent of glacial lakes in the study 

region increased signifi cantly between the years 2000 and 

2020. The glacial lake’s total number during the 20 years 

with an area greater than 0.25 ha has increased by 50%, 

from 28 to 42 number of lakes. Out of the 42 glacial lakes, 

26 glacial lakes are dammed by moraine in the year 2020. 

  Fig. 6       Visualization of glacial lakes on Landsat 8 OLI, 2020 and NDWI  

  Fig. 7       Type-wise distribution of 

glacial lakes based on area  
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The moraine-dammed lakes exhibited an increase in number 

from 18 glacial lakes in 2000 to 26 glacial lakes in 2020. It 

has been discussed in earlier studies that these types of lakes 

mostly emerged during the period between the 1950s and 

1960s as tiny supraglacial lakes (Mohanty et al.  2023 ). This 

indicates that lakes dammed by moraine are continuously 

emerging in the Himalayas leading to the risk of fl ooding in 

the downstream areas. 

 Only 10 glacial lakes with an area greater than 1 ha were 

taken into consideration to investigate the evolution of 

the lakes as it was diffi  cult to assess the area of small-

sized glacial lakes on medium-resolution satellite images. 

The total area of glacial lakes showed an expansion from 

19.59 ± 1.15 ha in 2000 to 29.31 ha ± 1.48 in 2020 or a 

considerable rise of 49.62%. Glacial lakes' surface area 

expanded from 19.59 ± 1.15 ha to 22.6 ± 1.25 ha (15.36%) 
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  Fig. 8       Type-wise distribution of glacial lakes based on the elevation  

  Fig. 9       Type-wise distribution of 

glacial lakes based on the aspect  

  Fig. 10       Type-wise distribution 

of glacial lakes based on the 

proximity to the glacier  
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between 2000 and 2011 and  from 22.6 ± 1.25  ha to 

29.31 ± 1.48 ha (29.69%) between 2011 and 2020. An illus-

tration of the formation of two glacial lakes in the basin 

between 2000 and 2020 is shown in Fig.  11 .         

 The moraine-dammed glacial lakes experienced an 

expansion of 43.12% i.e., from 4.94 ± 0.56 ha in 2000 to 

7.07 ± 0.87  ha in 2020. Whereas, glacial erosion lakes 

showed an expansion of 46.45% i.e., from 12.1 ± 0.97 ha in 

2000 to 17.72 ± 1.17 ha in 2020. This could be because the 

largest glacial lake in the study region is a cirque erosion 

lake which stores a considerable amount of water and hence 

shows a signifi cant expansion during the past 20 years. 

The supraglacial lakes exhibited a maximum expansion of 

77.25% i.e., from 2.55 ± 0.54 ha in 2000 to 4.52 ± 0.66 ha 

in 2020. Considerable spatiotemporal variability is typi-

cally observed in the supraglacial lakes of the Himalayas 

(Rick et al.  2022 ) this might be the reason for showing a 

signifi cant expansion within two decades than erosional and 

dammed glacial lakes. As a result of increased glacier melt-

ing in recent decades, supraglacial lakes are more vulnerable 

to climate change and also, they emerge on the ice surface 

(Zhang et al.  2021 ). In contrast, lakes that are dammed by 

moraine are created when a glacier melts and water accu-

mulates behind a barrier made by moraine. These lakes can 

still grow as a result of smaller lakes merging and melting 

of ice-dammed lakes (Mohanty et al.  2023 ). 

 High-altitude regions have particularly experi-

enced noticeable temperature increases due to global warm-

ing, and glaciers exhibiting more rapid retreat or thinning 

(Ma et al.  2021 ). The Himalayas have experienced signifi -

cant glaciological changes as a result of this warming trend, 

which has caused the dynamics in glacial lakes (Ahmed 

et al.  2021 ). The Western Himalayan glaciers have seen an 

abrupt retreat as a result of the previously recorded high 

temperatures (Bhutiyani et al.  2007 ). Consistent glacier 

retreat and meltwater supply increase surface water cir-

culation and increase the abundance of glacial lakes (Yao 

et al.  2018 ). The trends of rainfall and temperature in the 

study region are examined using the Indian Meteorological 

Department (IMD) Gridded data from 1990 to 2022. For 

uncorrelated data, the statistical signifi cance of the trend is 

evaluated using a non-parametric Mann–Kendall test (Verma 

and Kale  2018 ), and Sen's slope test is used to assess the 

size of the trend (Sonali and Nagesh Kumar, 2013). Based 

on the analysis of meteorological data, the mean temperature 

(Tmean) between 1990 and 2022 appears to have increased 

by approximately ~ 0.018 °C as shown in Fig.  12 . In con-

trast, Fig.  12  shows that rainfall has decreased by -4.17 mm 

between 1990 and 2022. Recent meteorological trends in the 

Himalayan region include a signifi cant rise in temperature 

and a decrease in monsoon precipitation; these trends may 

be responsible for the region's glaciers retreating rapidly 

(Norris et al.  2020 ). Although there might be several under-

lying justifi cations for such glacial lake expansion, climate 

variability appears to be one of them in the study region.         

 Therefore, the plausible cause for the expansion and 

formation of glacial lakes in the Baspa River basin can be 

linked to the changing climate in the basin. The formation 

of these glacial lakes and their temporal expansion in the 

area may be primarily attributed to increasing temperatures 

and variations in precipitation patterns. The glacial lake 

expansion may eventually be a matter of concern because it 

increases the region's vulnerability to GLOF and aff ects the 

communities residing in the downstream region. Therefore, 

research on the region's impact on climate change is neces-

sary, including connections to the current glacial lake and 

  Fig. 11       Formation of two glacial lakes in the basin between 2000 and 2020  
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formation studies. Hence, warning indicators of potential 

dangers are supplied, and hazards like GLOF in the basin 

are reduced. 

     Conclusion 

 In this study, the Baspa River Basin's glacial lakes are 

mapped using Landsat imagery along with evaluation 

of the evolution of lakes from 2000 to 2020 in connec-

tion to the changing climate is also conducted. A total 

of 42 glacial lakes having an extent equal to or greater 

than 0.25 hectares (ha) and at a maximum of 10 km from 

the boundaries of the glacier were found and mapped in 

the research region. The identifi ed 42 glacial lakes for the 

year 2020 revealed a total area of 46.57 ± 1.89 hectares 

(ha). The majority of glacial lakes in the study area are 

moraine-dammed glacial lakes i.e., 61.9%. According to 

the fi ndings, there has been a 50% and a 49.62% rise in 

the number and size of glacial lakes in the past 20 years, 

respectively. Such expansion and appearance of glacial 

lakes correspond well with the mass loss of glaciers 

observed in previous studies of the study area. Also, it has 

been noticed in the study that the temperature and rainfall 

have signifi cantly increased and decreased respectively in 

the hilly region, such changes could result in the ongoing 

growth and development of more glacial lakes, as well as 

a higher danger of GLOF in the basin downstream, all of 

which would have an eff ect on the social and economic 

aspects of this mountainous area. The lake inventory may 

also serve as the foundation for studies on GLOF haz-

ard assessments. The usefulness of such studies will be 

improved by additional research that uses high-resolution 

satellite images, which was not achievable in this study 

due to the use of medium-resolution data. Additionally, 

this study's evaluation of glacial lake evolution will help 

identify possibly dangerous lakes that are vulnerable to 

GLOF, and additional modeling of such lakes will aid the 

region in lessening the impact of such hazardous events. 
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