
Bulletin of Geography. Physical Geography Series, No. 25 (2023): 51–62
http://doi.org/10.12775/bgeo-2023-0009

© Author(s) 2023. This work is distributed under the Creative Commons Attribution 4.0 License (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Masoom Reza*  a, Ramesh Chandra Joshi   b, Chandra Nabiyal  c, 
Mamta Negi  
Kumaun University, Department of Geography, DSB Campus, Nainital, Uttarakhand India
*E-mail: hreza896@gmail.com; masoomreza@kunainital.ac.in

    ahttps://orcid.org/0000-0002-9706-1103, bhttps://orcid.org/0000-0001-9824-7156, chttps://orcid.org/0000-0002-
5017-6632

Abstract. The physiography and climate of the Higher Himalayas are uniquely characterised. Some 
phenomenal changes, such as variability of glacier cover, lake area and glacier retreat are dynam-
ic and are inevitable due to global temperature rises. This study is conducted using remote-sensing 
data. A total of 17 glaciers are mapped using Sentinel-2 (2020), Landsat 5 (1994) and Corona de-
classified (1966) data. In 1966, the total area of glaciers was 74.309±0.1478 km2, which decreased 
to 72.072±0.370 km2 in 2020. The estimated total loss of glacier area in 54 years (1966–2020) is 
2.236±0.016 km2. The average total retreat of terminii in 54 years is 439.30±13.795 m and the an-
nual retreat is 7.91±0.255 m. In the same valley, six major glacial lakes were also observed to extend 
their surface, with the most expanding lake (GLK – 5) expanding by 2,010.7 ±30.26% in 54 years.

Introduction

Glacier retreat and proglacial lake dynamics 
of Darma Valley, Central Himalaya, India
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The Himalaya is one of the most important 
regions in Asia and plays a significant role in 
the hydrological cycle by providing water for 
major rivers throughout the year. Changes in 
global climate have impacted snow cover, glacial 
lake (GLK) formation and glacier retreat. From 
1950 to 1980, the rate of glacier retreat slowed, 
but it has accelerated since 1980 (Mauri 2022). 
The World Glacier Service reported a decrease 
in glacier ice, noting that each glacier has lost 
an amount of ice equivalent to nearly 25 metres 
of liquid water or 27.5 metres of ice from 
its surface (Rebecca 2020). Although climate 
change has also affected alpine areas globally, 
the observations reported by researchers are 
complex and difficult to interpret. Snow cover 

trends show varied patterns: in the Indus basin, 
snow cover increased, whereas it decreased in 
the Ganges and Brahmaputra basins between 
2000 and 2011 (Singh et al. 2014). A study by 
the Chinese Academy of Sciences, examining 
46,928 glaciers, revealed that 5.5% of the glacier 
area has been lost in the last 24 years (Ratna et 
al. 2008). Glacier retreat is not constant within a 
region. Therefore, long-term data are crucial for 
understanding how glaciers respond to climate 
change (Hoelzle et al. 2003). A 45-year study 
(1975–2020) in the Nujiang-Salween River Basin 
revealed an average annual rate of change of 
–0.62%. The most significant change occurred 
in glacier area between 5290 m and 5540 m 
in elevation, which accounted for 40% of the 
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total shrinkage in the basin (Xuan et al. 2022). 
Glacier-area changes vary across the Himalaya. 
Over the past six decades, the average rate of 
area change has increased in the western and 
eastern Himalayas, while it has either decreased 
or remained stable in the central Himalaya 
(Bolch et al. 2019). This research delves into 
the phenomena of glacier retreat and proglacial 
lake dynamics spanning a 54-year period, from 
1966 to 2020. The primary aim is to identify 
the dynamics of glacial coverage, extent and 
lake dimensions through the analysis of remote-
sensing data. Another important task is the 
uncertainty analysis of the remote-sensing data 
used. The data produced prove invaluable in 
comprehending the transformations within the 
glacier landscape of Darma Valley.

Study area

The Darma Valley, situated in the Pithoragarh 
district of Uttarakhand – a state in the Himalayan 
region in India, spans a notable geographical area 
(Fig. 1). The spatial extent ranges from 30°34’22” 
to 30°03’52.15”N latitude and from 80°14’45.6” to 
80°43’52.68” longitude. This expanse corresponds to 
a total geographical area of 1,110.37 km² (Fig.  1). 
The valley is distinguished by its two primary rivers, 
the Darma and the Lissar, both of which originate 
from the glaciers of the Darma Valley. These 
rivers converge at the village of Tidang, beyond 
which point they are collectively referred to as the 
Dhauliganga East River. The altitude of the glaciers 
in the valley spans between 3,473 and 5,879 metres 
above mean sea level.

Fig. 1. Location of study area (DEM Source – Alos Palsar)

http://doi.org/10.12775/bgeo-2023-0009


M. Reza et al. Glacier retreat and proglacial lake dynamics of Darma Valley, Central Himalaya, India

Citation: Bulletin of Geography. Physical Geography Series 2023, 25, http://doi.org/10.12775/bgeo-2023-0009 53

Materials and methods

Data

In this study, mapping of the glacier boundary and 
glacial lakes was carried out using various remote-
sensing data sources, including declassified Corona 
KH-4A imagery, Landsat-5, Sentinel-2, and Alos 
Palsar DEM (see Table 1).

The declassified Corona KH-4A imagery, 
available on the USGS website (https://earthexplorer.
usgs.gov/), offers a spatial resolution of 2.7–4 
metres. These panchromatic images, provided as 
stereo pairs, were utilised from November 8, 1966. 
For image correction, 8 to 16 ground control points 
were selected from Google Earth for a section of 
the glacier area, and co-registration of all cropped 
images was performed in ArcMap using the 
georeferencing tool with a horizontal shift of 3.5 m.

High-resolution Sentinel-2 data, available at 
10-m resolution (RGB & NIR), can be accessed on 
the European Space Agency (ESA) website (https://
scihub.copernicus.eu/) and the USGS website. The 
data from October 18, 2020 were downloaded from 
the ESA website and processed using the SNAP-3 
toolbox.

The Landsat-5 Thematic Mapper (TM) data, 
with an average spatial resolution of 30 metres, are 
freely available on the USGS website. The imagery 
used in this study dates from October 25, 1994.

The Alos Palsar DEM, freely downloadable 
from the Alaska Satellite Facility (https://asf.alaska.

Date of 
Acquisition Sensor and Scene ID Resolution m Swath

km Purpose

6 Nov 1966

Corona - KH-4A
DS1048-1134DA111

DS1037-1007DA077_77
DS1037-1007DA078_78
DS1037-1007DF079_79

2.7–4 19.7 x 
267

Glacier outlines, 
Glacier retreat

25 Oct 1994
Landsat – 5 -TM

LT05_L2SP_145039_19941025_20200913_
02_T1

30 185 Glacial lake outlines

18 Oct 2020 Sentinel -2- MSI
L1C_T44RMU_A027801_20201018T052219 10 290

Glacial lake outlines, 
Glacier outlines, 
Glacier retreat

15 Jun 2007
Alos Palsar

AP_07405_FBD_F0590_RT1
AP_07405_FBD_F0600_RT1

12.5 25 Contour

Table 1. Satellite data used in the study

edu/) (ASF 2015), has a resolution of 12.5 m. It was 
employed to extract endpoints and elevations.

Google Earth Pro imagery was used to overlay 
the extracted glacier boundary and glacial lake data 
to compare with the current scenario.

All the above-mentioned remote-sensing data 
were systematically processed using the SNAP 
toolbox and ArcGIS software 10.2.2. The tools 
included Co-registration (to reduce registration 
error between images), Clipping (to extract glacier 
area), Resample (to match resolution), Resolution 
merge (to get clear texture), Image Enhancement 
(to increase brightness and clarity), and On-screen 
Digitisation (to extract glaciers outline as a vector 
file).

Uncertainty assessment

Inherent in remote-sensing data are sources of error 
and uncertainty in the measurement of glacier area, 
glacier terminus and glacier lake area. The primary 
sources of error are sensor resolution, co-registration 
error and digitisation error in the extraction of 
information. The uncertainty associated with 
measurement is calculated as shown below:

Glacier area change uncertainty (Ua)

The uncertainty in areal extent ‘Ua’ for each glacier 
was measured using the buffer method as described 
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by Granshaw and Fountain (2006). This is a widely 
used and recommended for estimating uncertainty. 
It involves applying a buffer of up to one pixel 
size around the glacier margin (Granshaw and 
Fountain 2006; Bolch et al. 2010; Paul et al. 2013). 
In this approach, a buffer with a width equal to 
the digitisation error (0.5 pixels) was created. The 
uncertainty was then calculated as the average ratio 
of original glacier areas to areas enlarged by the 
buffer.

𝐸𝐸𝑎𝑎 = √(𝑂𝑂𝑏𝑏𝑎𝑎𝑇𝑇𝑔𝑔𝑎𝑎
)
2

 

Ea represents the error in the glacier boundary. In 
this context, Oba is the buffer area of an individual 
glacier, and Tga is the total area of the individual 
glacier.

To estimate the uncertainty of glacier area change 
(ϕ∆) for all the time intervals of this study, the 
average uncertainty of area extent of all the glaciers 
for various data scenes was utilised. The uncertainty 
in area change was estimated according to the law 
of error propagation using a specific formula, as 
outlined by Mir et al. (2017) as:

𝜙𝜙∆ √𝜙𝜙12 + 𝜙𝜙22

ϕ∆ represents the total uncertainty in all data 
pertaining of glacier area change, where ϕ1 and ϕ2 
denote the uncertainties in the glacier outlines in 
time frame 1 and time frame 2, respectively.

Glacial Lake Area Uncertainty (Ul)

Uncertainties in digitised glacial lakes from satellite 
imagery are calculated based on the pixel resolution 
and the outline (p) of the glacial lake. Given that 
each lake polygon was manually digitised, the 
estimated error in manual mapping is ~0.5 pixels 
(Fujita et al. 2009). This estimate is based on the 
nature of raster images, where pixels at the edges of 
two features can blend with pixels from both target 
and non-target features. As a result, the maximum 
area error in digitising the outline of a glacial lake is 
estimated to be ~0.5 edge pixels (Wang et al. 2020). 
It is assumed that the lake polygon follows a regular 
or Gaussian error distribution. Consequently, the 
error of the lake outline was calculated within 
one standard deviation (1σ), as per the equation 

provided by Hanshaw and Bookhagen (2014) and 
Paul et al. (2013).

Error (1 𝜎𝜎) = (P /G) · 0.6872 ·G2/2

𝑒𝑒𝑒𝑒 = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (1𝜎𝜎)
𝑙𝑙𝑎𝑎

 × 100

where p is the perimeter of the glacial lake (m), 
G represents the spatial resolution of a satellite 
imagery, the coefficient 0.6872 is under 1σ, eP 
denotes the relative error of the glacial lake, and la 
signifies the total area of the glacial lake, as detailed 
by Wang et al. (2020).

Glacier Terminus Change Uncertainty (Ut)

Uncertainty in the change in glacier terminus 
can be measured from the error found in satellite 
imagery. The following formula is used to calculate 
uncertainty in glacier terminus:

𝑈𝑈𝑡𝑡 = √𝐿𝐿𝐿𝐿12 + 𝐿𝐿𝐿𝐿22 + 𝜇𝜇

Ut represents the uncertainty in glacier terminus, 
where ‘Le1’ and ‘Le2’ are the linear error/image 
resolutions of images and μ is the registration error. 
The above formula is proposed by Hall et al. (2003) 
and Wang et al. (2009).

The change in terminus of a glacier is measured 
by considering the flowline or centreline of the 
glacier. The centreline of the glacier is manually 
extracted using contours created through a digital 
elevation model. Therefore, the error in elevation 
model also incorporated into the formula. In this 
formula, dt represents the uncertainty in elevation 
data, and el denotes the error in elevation data, 
specifically referring to the one-sided dimension of 
a pixel.

𝑑𝑑𝑑𝑑 = √ⅇ𝑙𝑙2

By adding equation 6 and equation 7, we get:

𝑈𝑈𝑡𝑡 = √𝐿𝐿𝐿𝐿12 + 𝐿𝐿𝐿𝐿22 + 𝜇𝜇 + (√𝐿𝐿𝑙𝑙2)
 or

𝑈𝑈𝑡𝑡 = 2√𝐿𝐿𝐿𝐿1
 + 𝐿𝐿𝐿𝐿2

 + 𝐿𝐿𝑒𝑒 +  𝜇𝜇 
𝑈𝑈𝑡𝑡 = 2√41

 + 102
 + 12.5 +  3.5 

𝑈𝑈𝑡𝑡 = 13.795 
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Results

Glacier boundary delineation and change

The most accurate and widely adopted method for 
mapping glaciers involves manual digitisation of 
glaciers in satellite imagery. This approach contains 
fewer errors compared to automatic extraction 
methods. Glacier outlines are delineated using data 
from Corona (1966) and Sentinel-2 (2020), and 
changes in size are determined by comparing the 
data from two time points for each glacier, obtained 
through manual digitisation. The uncertainty in the 
area change for each glacier is calculated by using 
special formulae (referred to as Eq. 1 and Eq. 2). In 
this study, a total of 17 glaciers were delineated (see: 
Fig. 2). In 1966, the combined area of all observed 
glaciers was 74.309 ±0.370 km2, which decreased to 
72.072 ±0.370 km2 by 2020 (Table 2). Over the 54-
year period from 1966 to 2020, there was a total 
decrease of 2.236 ±0.016 km2 in glacier area, which 
constitutes 3.01±0.712% of total glacier area. The 
average annual decrease was 0.056 ±0.013% (Figs. 
2 and 3).

Glacier terminus retreat

Glacier length reduction due to ice loss at the 
terminus is a key factor in understanding glacier 
responses to climate change. Besides global climate 
change, regional differences in topography and 
climate also contribute to the variability of glacier 
retreat. In this study, the terminal retreat of all 17 
glaciers was monitored for the years 1966 and 2020. 
The average total retreat of all glaciers over this 54-
year period is 426.93±13.79 m, with the annual 
rate calculated to be 7.91±0.255 m. For all glaciers, 
the greatest retreat was observed in glacier G10, at 
1,429.74 m, and the smallest retreat was noted in 
glacier G16, at 12.3 m (Table 3 and Fig. 4). Glacier 
G10, which experienced the highest retreat, is 
located on a steep slope, having its terminus at an 
elevation of 3,501 m and extending up to 5,709 m 
at the glacier head. Glacier G16, showing the least 
retreat, has its terminus at 4,320 m and extends to 
the glacier head at 5,595 m.

Glacier 
ID

Glacier 
Area 
1966 
(km2)

Ea
(km2)

eP 
(ø¹)

Glacier 
Area 2020 

(km2)

Ea
(km2) eP (ø²)

▲ in 
Size

(km2)

Change 
in%

Error in ▲
(km2)

Tot-eP 
(ø¹+ø²)

G1 1.235 ±0.0103 ±0.83 1.149 ±0.025 ±2.17 -0.086↓ -6.967 -0.0026 ±3.00
G2 10.349 ±0.0064 ±0.06 10.090 ±0.016 ±0.16 -0.258↓ -2.496 -0.0006 ±0.22
G3 5.812 ±0.0059 ±0.10 5.781 ±0.015 ±0.26 -0.031↓ -0.539 -0.0001 ±0.36
G4 1.322 ±0.0097 ±0.73 1.270 ±0.025 ±1.99 -0.051↓ -3.886 -0.0014 ±2.72
G5 7.019 ±0.0071 ±0.10 6.945 ±0.018 ±0.26 -0.074↓ -1.049 -0.0003 ±0.36
G6 1.953 ±0.0102 ±0.52 1.944 ±0.025 ±1.29 -0.009↓ -0.459 -0.0002 ±1.81
G7 2.641 ±0.0107 ±0.41 2.606 ±0.027 ±1.03 -0.035↓ -1.332 -0.0005 ±1.43
G8 6.032 ±0.0071 ±0.12 5.938 ±0.018 ±0.30 -0.094↓ -1.557 -0.0004 ±0.42
G9 7.498 ±0.0064 ±0.08 7.422 ±0.015 ±0.21 -0.076↓ -1.013 -0.0002 ±0.29

G10 9.147 ±0.0043 ±0.05 8.548 ±0.010 ±0.12 -0.599↓ -6.545 -0.0010 ±0.16
G11 4.950 ±0.0086 ±0.17 4.711 ±0.021 ±0.45 -0.238↓ -4.819 -0.0015 ±0.63
G12 4.819 ±0.0088 ±0.18 4.765 ±0.022 ±0.45 -0.054↓ -1.122 -0.0003 ±0.64
G13 2.041 ±0.0118 ±0.58 1.956 ±0.031 ±1.58 -0.084↓ -4.130 -0.0018 ±2.16
G14 4.861 ±0.0076 ±0.16 4.634 ±0.019 ±0.40 -0.228↓ -4.684 -0.0013 ±0.56
G15 1.425 ±0.0090 ±0.63 1.364 ±0.022 ±1.59 -0.061↓ -4.260 -0.0013 ±2.22
G16 1.680 ±0.0124 ±0.74 1.673 ±0.031 ±1.82 -0.007↓ -0.409 0.0005 ±2.56
G17 1.526 ±0.0116 ±0.76 1.275 ±0.031 ±2.45 -0.251↓ -16.438 -0.0081 ±3.21

TOTAL 74.309 ±0.1478 0.199 72.072 ±0.370 0.513 -2.236↓ -3.009 - 0.016 ±0.712

Table 2. Change pattern in glacier area of Darma Valley in 54 years
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Fig. 3. Glacier outlines for the years 1966 and 2020 and glacier area change in 54 years

Fig. 2. Changing pattern of glacier area and loss in percentage (black line shows error)
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Fig. 4. Annual and total retreat of glacier (1966–2020) of Darma glaciers, Uttarakhand
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Fig. 5. Changes in glacial lake area from 1966 (Corona Imagery) to 1994 (Landsat 5) and 2020 
(Sentinel-2) (Scale ratio produced with output size of 6 × 5 inches layout) (Source: own 
elaboration)
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Glacial lakes

As the glaciers retreat, the morainic landscape 
becomes exposed or lakes form near the glacier 
tongue, sometimes posing a danger to downstream 
populations. Constant monitoring is crucial in glacial 
environments to mitigate such a threat. Although 
there have been numerous studies on mapping 
glacial lakes and their evolution in the Himalayas, 
a precise method for identifying the potentially 
hazardous lakes has still not been developed. In this 
study, six major glacial lakes were identified (Fig. 5) 
by manually digitising the rectified images of 1966, 
1994 and 2020. Of all the identified glacial lakes, 
lake No. GLK-1 (Fig. 6) is located at an elevation of 
4,750 m. Its size has increased by 184.84% during 
the period from 1966 to 2020. Among all glacial 
lakes, GLK-5 is the most expanding lake, having 
expanded to 2,010.7±30.26%, followed by GLK-4, 
expanding to 1057.4±78.64%. Lake GLK-5 formed 
by the merging of many small supra-glacial lakes at 
the margin of the glacier or within the glacier body. 
GLK-2 and GLK-3 are almost constant in growth 
(Table 4 and Fig. 5).

Discussion

In this study, Glacier G10, being the longest glacier 
among all glaciers, exhibited the largest area change 
(–0.599 km2 ±0.16%), and is located in a steep-

slope topography with an elevation range of 3,501 
to 5,709 m. Among the 17 observed glaciers, G16 
experienced a very small area loss of 0.007 km2 
±2.56%, while G10 had the highest loss of 0.599 km2 

±0.16%. Overall, a change of –3.01 ±0.712% was 
observed, equating to 0.056 ±0.013% annually. In 
addition to the effects of climate change on glacier 
retreat, glacier disintegration due to topography is 
one of the factors that increased the retreat rate.

Comparison with other glacierised high 
mountains in the Himalayan regions

During 1994 to 2021 in Himachal Pradesh, glacier 
area loss was 1.678% annually, with the decadal 
trend ranging from 2.31% in 1994–2001 to 1.398% 
in 2011–2021 (Rajat et al. 2022). The Himalayan 
lake-terminating glaciers rapidly retreated due to 
periodic frontal ice loss; during the period 1989 
to 2018, glaciers showed annual retreat of 51.7 
metres, equating to a total 5 km shortening of the 
tongue, experienced high interannual fluctuation 
with periods of fast and slow movement (Liu et 
al. 2020). Within the Chenab basin, an exhaustive 
analysis encompassing 324 glaciers between 1962 
and 2002 revealed a concerning 11% reduction 
in overall glacier area. Subsequently, a follow-up 
study focusing on 238 glaciers during 2001–2011 
documented an additional 1.1% loss. These findings 
underscore an escalated annual deglaciation rate 

Fig. 6. Glacial Lake 1, locally known as Chho Mapang: a) ground photo taken in 2020; b) current imagery available in Google 
Earth. Chho Mapang, a moraine dammed glacial lake, formed prior to 1966. In the Corona imagery from 1966, its actual 
size was 43,965.67 ±1,366.70 m2, and by 2020, it had increased to 124,354.17 ±7,105.72 m2, marking a total change 
of 182.8% over 54 years.
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surpassing previous observations (Brahmbatt et al. 
2017). Within the Miyar basin of the Indus drainage 
system, a comprehensive evaluation of 29 glaciers 
between 1989 and 2014 revealed a notable 4% 
deglaciation. This translates to an average annual 
loss of 0.16% across the observed period (Patel et 
al. 2018). A study of the Borohoro Mountains in 
the Tian Shan Range in China reported a decrease 
in glacier area at a rate of 0.61 ±0.01% per year (Li 
2020). In the Hindu Kush Mountains in Afghanistan, 
glaciers loss was ~15% (0.6% annually) of the total 
glaciated area in the last 25 years during 1990 to 
2015 (Joya et al. 2021). A similar long-term study 
of Garhwal region of the Uttarakhand Himalaya 
conducted by Bhambri et al. (2011) concluded that 
glacier area had decreased by 4.6 ±2.8% in 38 years. 
Another study, conducted by Salerno et al. (2017) 
in Sagarmatha National Park, Nepal, concluded 
that there was a decrease in glacier area of 4.9% 
between 1950 and 1990. Tibet experienced a similar 
loss during 1991 to 2013, while the glacier area in 
the Depuchangdake region of north-western Tibet 
decreased by 3.9% (Li et al. 2016). Additionally, 
a  study in the Chinese region of the Sikeshu River 
basin in the Tienshan Mountains reported a 0.38% 
loss over four decades, and an average annual glacier 
terminus retreat of 4.9 m between 1964 and 2004 
(Wang et al. 2015). Contrasting the aforementioned 
studies, investigations within Darma valley unveiled 
a comparatively modest annual reduction in glaciated 
terrain from 1966 to 2020. Analysis of 17 glaciers 
of surface areas ranging from 1.23 to 10.39 km2 
revealed an annual deglaciation rate for the valley 
at 0.056±0.013%. A study of the Karlik Shan in the 
eastern Tien Shan Mountains found a 0.13% annual 
decrease in glacier area from 1971 to 1992, which 
increased to 0.27% from 1992 to 2002, correlating 
with a rise in summer temperatures (Yetang Wang 
et al. 2009). From 1968 to 1999, the northern slope 
of Karakoram in the Yarkand Basin observed an 
annual loss of glacier area of 0.13% (Liu et al. 2006). 
Ren et al. (2017) reported that many glaciers on the 
southern slope of the Himalaya are retreating, with 
the retreat rate increasing recently. They also noted 
that, since the 1960s, the average retreat rate on the 
north slope of Qomolangma (Mount Everest) has 
been 5.5–9.5 m·a-1 and on Xixiabangma it is 4.0–
5.2 m·a-1. The air temperature over the Hindu Kush 
Himalaya warmed at a rate of 0.2° per decade from 
1951 to 2014, and even faster at 0.5° per decade 
at elevations above 4,000 metres (Padma 2020). 
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According to Kulkarni et al. (2014), the thickness 
of glacial ice in the Himalaya has decreased by an 
estimated 19±7 m over the past four decades. This 
temperature rise has led to the thinning of glaciers, 
the loss of glacial cover and the formation of glacial 
lakes. A recent study of the western Himalayas 
shows that the area of glacial lakes has increased by 
44% (Kumar et al. 2021). Research by Gobinda and 
Raj (2016) on 356 glacial lakes in the Uttarakhand 
Himalaya, using 2013 data (LISS-IV), identified 
that eight glacial lakes are critical in terms of their 
potential for outburst floods. The study observed 
rapid changes in glacial lakes over 54 years, noting 
that all the lakes surveyed are moraine reservoirs 
continuously receiving water from glacial melt. 
Lakes closer to glaciers, particularly those near 
glacier termini, have experienced more significant 
areal changes (Zhang et al. 2015a, b).

Similar studies in other glacierised regions/
high-mountain regions of the world

A similar study from the Central Andes reports that 
glaciated areas in the Juncal Basin declined by a total 
of 46±5% (or 0.76±0.08% annually) between 1956 
and 2015 (Pereira and Veettil 2019). In the Rheinwald 
region of Switzerland, an 18% reduction in glacier 
area was observed for the period from 1985 to 1999, 
equating to 1.3% per year, noting a change in non-
uniform geometry (Paul et al. 2004). In the Canadian 
Rocky Mountains, a study recorded a 40±5% decrease 
in glacier area (0.46±0.06% per year) between 1919 and 
2006; it was also mentioned that, out of 523 glaciers, 
17 had disappeared and 124 had fragmented (Tennant 
et al. 2012). Similarly, in the Mount Agrı Ice Cap, a 
decrease in total area of 29% (0.82% annually) was 
observed between 1976 and 2011, with an annual rate 
of 0.07 km2 (Sarikaya 2012). For glaciers in the Bernina 
Group (Italy), the estimated change in glacier area 
during 1954–2007 was –36.5 ±2.4% (–0.688 ±0.04% 
annually) (D'Agata et al. 2020). In the Caucasian 
Mountain system, an annual glacier area changes of 
–1.16% was reported for the period from 2000 to 2020, 
with variations across its northern and southern slopes 
and between its western, central and eastern regions. 
The eastern Great Caucasus experienced the highest 
annual change at –1.82% (Leevan et al. 2022).

Conclusion

Historical Corona images are extremely useful for 
delineating glacial boundaries and glacial lakes due to 
their high spatial resolution. Nevertheless, the more 
recent Sentinel-2 MSI data, with a spatial resolution 
of 10 m, have also proven very useful for comparison 
against old data. By utilising two data frames from 1966 
and 2020, it has been possible to evaluate over a 54-year 
period. In this study, 17 major glaciers, along with their 
retreat, and six major glacial lakes are analysed using 
remote-sensing data. During the study period of 1966 
to 2020, the total loss of glacier area was calculated 
at 3.01±0.712%, and the largest increase in lake area 
was observed at 2,010.7±30.26%. Manual extraction 
of information has been successful in mapping and 
analysis because satellite data with considerable spatial 
resolution are openly accessible. An uncertainty analysis 
has also been carried out to enhance the accuracy of 
the results. However, it is acknowledged that the results 
are not completely free of error.
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