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Shunkalpa Glacier, union of two glaciers namely Kalabaland (10 km long) and Yankchar glaciers
(9 km long), is one of the largest glaciers in the Central Indian Himalaya with snout records available
since 1886. We aimed to provide a comprehensive status of the glaciological characteristics of the glacier
from satellite-based observations by providing the status of the snout Cuctuation, surface velocity map,
and spatial ice thickness of the glacier. The snout of the Shunkalpa Glacier was receding with a rate of
16 m/yr from 1990 to 2016. The satellite-derived surface velocity and ice thickness of the glacier have
spatial variations owing to different topographical characteristics of the glacier. The mean velocity of
the Shunkalpa Glacier was 22 m/yr and the mean ice thickness was 109 m. In terms of velocity, the
Kalabaland Glacier was more dynamic than the Yankchar Glacier.
Keywords. Glacier retreat; glacier velocity; ice thickness; Central Himalaya.

1. Introduction
The widespread retreat of glaciers from mountainous regions (Himalaya, Alp, etc.) to Antarctica
and Arctic, is the unequivocal indication of climate
warming (Oerlemans 2005; IPCC 2013). The pervasive increase in surface temperature (Diodato
et al. 2012) and altered precipitation pattern (Negi
et al. 2018) in the Himalayan region have induced
thinning and retreat of glaciers (Bolch et al. 2012;
IPCC 2013; Mal et al. 2019; Mandal et al. 2020;
Abdullah et al. 2020). The magnitude and the
impact of the changes in the decrease in snow
accumulation, a decrease in glacier ice extent,
enhanced melting can be manifold; expansion of
glacial lakes, alteration of surface albedo, increased
energy absorption are being some of them (Basnett
et al. 2013; Pratap et al. 2015; Fell et al. 2017). This

also resulted in the shrinkage and mass loss of
glaciers in the region. Although most of the
mountain glaciers were reported to be retreating
since the Little Ice Age (IPCC 2001, 2007), the
recent intensiBed loss in the glacier cannot be
attributed solely to the natural climate variability (Dyurgerov and Meier 2000). Observational
records suggest above average warming of Himalayan mountain (*0.9–1.6°C) than the global
average (0.85°C), IPCC (2013) over the last century (Bhutiyani et al. 2007; Dash et al. 2007;
Bhutiyani 2016; SchickhoA et al. 2016). In response
to this, the Himalayan glaciers are losing its size
and mass (Bolch et al. 2012, 2019; K€
aa€b et al.
2012, 2015; Bajracharya et al. 2014a, b, 2015;
Kulkarni and Karyakarte 2014; Pratap et al. 2016;
Azam et al. 2018). The spatial variability in the
glacier response can be linked to the regional and
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local climate of the glacier, glacier characteristics
such as debris-covered surface area, clean ice area,
orientation, glacier slope, shaded regions and glacier geometry and presence/absence of glacial lakes
associated with the glacier (Sakai et al. 2009;
Venkatesh et al. 2013).
The Central Himalayan glaciers have been the
centre of attraction for past centuries owing to
their role and importance in the socio-economy of
Indian subcontinent such as in agriculture, water
resources, hydropower, tourism and pilgrimage.
Many of the glaciers in the Central Himalayan
have been visited, surveyed and mapped in the Beld
since early 20th century. The past records of
Gangotri Glacier (Auden 1937; Jangpangi 1958);
Pindari Glacier (Cotter and Brown 1907; Tewari
and Jangpangi 1962; Tewari 1972); Satopanth and
Bhagirath Glaciers (Jangpangi 1958) and Milam
Glacier, Poting Glacier, Burphu Glacier, Pacchu
Glacier, Shunkalpa Glacier (Cotter and Brown
1907; Jangpangi and Vohra 1959; Kumar et al.
1975) are available in the literature. Among the
mentioned glaciers, some of the glaciers such as
Gangotri Glacier (Bhambri et al. 2012); Pindari
Glacier (Ali et al. 2019); Satopanth and Bhagirath
Glaciers (Nainwal et al. 2016) and Milam Glacier
(Mal et al. 2019) have been revisited in recent years
using satellite images. However, in spite of being
one of the largest glacier in the Kumaon Himalaya,
being surveyed many times in the past, the Shunkalpa Glacier has not been studied in great details
in recent years. Therefore, we aim to provide a
comprehensive study of the glacier involving the
assessment of the snout recession, surface velocity,
and ice thickness carried out using multi-temporal
remote sensing satellite data from 1990 to 2018.

2. Shunkalpa Glacier: Characteristics
and previous observations
Nested in the Goriganga Basin of Pithoragarh
District of Uttarakhand, India, geomorphologically
Shunkalpa is a very interesting glacier, presently
covering an area of about 34 km2. The glacier is
one of the largest glacier (Heim and Gansser 1939)
in the Kumaon region and very unique as it constitutes two glaciers from two opposite sides
(Bgure 1a,b). Kalabaland Glacier originating
mainly from Chiring We peak Cows evenly in
south-east direction and meets with the Yankchar
Glacier Cowing from the opposite direction (i.e.,
north-west). After the conCuence, the glacier takes
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a sharp bend and Cows westward as Shunkalpa or
Ralam Glacier (Jangpangi and Vohra 1959, 1962).
The lengths of the Kalabaland and Yankchar
Glaciers are about 10 and 9 km, respectively
(Jangpangi and Vohra 1962) and beyond the conCuence, Shunkalpa is about 2.1 km long at present.
The Kalabaland Glacier is fed by two tributaries
joining from its right Cank at an altitude of
*4850 m asl and from its left Cank at an altitude
of *4830 m asl. These two tributaries are the
major source of supraglacial debris cover on the
surface of the Kalabaland Glacier. The Main Kalabaland Glacier is a clean ice glacier having a significant accumulation area starting from an
elevation of about *6000 m asl and surrounded by
Chiring We peak, Bamba Dhura and Kalabaland
Dhura. The snowline of the main glacier is at
*5015 m asl. The accumulation zone of the main
Kalabaland glacier is characterized by many icefalls at an altitude of about *5500, *5200, and
*5030 m asl. These icefalls were also discussed
elaborately in the experience of Harish Kapadia
and the team in ‘Mountain of Long Life’ (1980) and
‘Chiring We, 1977, Expedition of the Mountaineers, Bombay’ (1979), when they have climbed
the Chiring We peak for the Brst time in the year
1977 (Bgure 1c). A detailed description of the
accumulation zone of the glacier can be found in
their memoirs which include photographs and
maps also. The ablation zone of the main Kalabaland Glacier starts after the lowermost icefalls
below which a series of ogive waves have formed
(Bgure 1d). The main Kalabaland Glacier with its
clean ice Cows along with its debris counterparts
side by side, meet the Yankchar Glacier at an
altitude of *4280 m asl. Yankchar is mainly a
debris-covered glacier starting from an altitude of
*5430 m asl, Cowing northward to join with Kalabaland Glacier. The absence of middle moraine at
the junction of Kalabaland Glacier and Yankchar
Glacier can be speculated as being at a slightly
higher level, the Kalabaland glacier partially
overlaps the ice body of the Yankchar Glacier
thereby ceasing the formation of any middle
moraine (Jangpangi and Vohra 1962).
The Shunkalpa Glacier has been the focus of
considerable Beld investigation in the past starting
in the year 1906 when Cotter and Brown (1907)
Brst surveyed the region, prepared a sketch map of
the snout of the glacier, and observed that the
glacier had retreated about *213 m since 1886.
Heim and Gansser (1939) have also noted the
retreat of the snout of the glacier but did not
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Figure 1. (a) Location of the Shunkalpa Glacier in Pithoragarh, Uttarakhand, India shown on SRTM DEM; (b) the Shunkalpa
Glacier with Kalabaland and Yankchar Glaciers shown on LISS IV imagery; (c) the Beld photographs of the accumulation zone of
the Kalabaland Glacier from the expedition of Harish Kapadia and team (1977), showing their camp site and the two peaks
climbed by the team (photo courtesy Harish Kapadia); and (d) the upper portion of the main Kalabaland Glacier showing its
many icefalls and the ogive bands formed on the surface of the glacier after lower most icefall.

mention the rate and extent of recession (Kumar
et al. 1975). Jangpangi and Vohra (1959, 1962)
from the Geological Survey of India further systematically investigated the Cuctuation of the
Shunkalpa glacier in the year 1957 as a contribution towards glaciological studies during the
International Geophysical Year 1957 (Jangpangi
and Vohra 1962; Kumar et al. 1975). They have
reported a total of *305 m retreat of the snout of
the glacier in 51 yrs between 1906 and 1957.
Kumar et al. (1975) have summarized the total
retreat of *456 m of the glacier from 1906 to 1964.
The reported velocity of the glacier observed by
Jangpangi and Vohra (1959) was 30 cm/day in
the middle, 25 cm/day towards the side and

10 cm/day at the lower points of the glacier. The
thickness of the glacier near its snout was estimated to be about 60 m (Jangpangi and Vohra
1962). By studying Google Earth images, Pelto
(2013) has reported a retreat of 250 m of the snout
of the glacier between 2000 and 2012.
We have attempted to revive the study of
Shunkalpa Glacier owing to its exclusive and
interesting characteristics. The Shunkalpa Glacier
is the culmination of two contrasting glaciers
Cowing from two opposite sides, i.e., one southfacing glacier and the other north-facing glacier.
The glacier is the amalgamation of both clean ice
glacier (main Kalabaland Glacier) and debriscovered glacier (Yankchar Glacier). The glacier is
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accessible as it had been visited by both
glaciologists and climbers in the past (Cotter and
Brown 1907; Heim and Gansser 1939; Jangpangi
and Vohra 1959, 1962; Kapadia 1979, 1980) and
ample information is available about the glacier.
This glacier can also be a potential candidate for
the Beld-based study of various glaciological and
mountain micro-meteorological parameters. In this
study, we focus on investigating the retreat of the
Shunkalpa Glacier, the velocity of the glacier, and
ice thickness of the glacier derived from satellite
data.

glacier since 1886 based on the description of the
position of the snout of the glacier by Jangpangi
and Vohra (1962) and Kumar et al. (1975). A
widely applied manual delineation method was
used to demarcate the glacier boundary using different band combinations (Bhambri et al. 2011;
Pandey and Venkataraman 2013).
For the calculation of the accuracy of the glacier
length change can be obtained from the equation given by Hall et al. (2003) (Pandey and
Venkataraman 2013):
i
ph 2
ð1Þ
e ¼
ða Þ þðbÞ2 þ Ereg ;

3. Data sources

where a and b are the spatial resolution or the pixel
size of the image 1 and image 2 and Ereg is the coregistration error between the two images. Since
the study has used only Landsat data for the length
change study, the accuracy was expected to be
higher. Visual inspection revealed a very good coregistration between two Landsat scenes for all the
years and further co-registration of the images was
not required. Therefore, the uncertainty in the
length change for all the years was *42.42 m.
The uncertainty associated with the glacier area
was obtained by buAer method proposed by
Granshaw and Fountain (2006) by choosing a
buAer size of half pixel (15 m in our case). The
mapping uncertainty in the glacier area was estimated to be 4% agreeing well with the previous
studies (Mal et al. 2019).

In order to evaluate the glaciological characteristics of the glacier, satellite remote sensing data
from Landsat 5 TM, Landsat 7 ETM+, Landsat 8
OLI from the year 1990 to 2018, and Shuttle Radar
Topography Mission3 (DEM) (30 m), obtained
freely from United States Geological Survey
(USGS) (https://earthexplorer.usgs.gov) were
employed (table 1). A high-resolution image (5.8 m
spatial resolution) from Indian Remote Sensing
Satellite (IRS) Resourcesat-2 Linear Imaging Self
Scanning Sensor (LISS IV) for the year 2015 was
used to understand the geomorphology of the glacier. Table 2 gives the details of the data used in
the study.

4. Methods
4.2 Glacier surface velocity
4.1 Glacier mapping: Length and area
The Shunkalpa Glacier was mapped between 1990
and 2016 to Bnd the loss in the area of the glacier
during the period. Further, an attempt was made
to provide a uniform picture of the retreat of the

A glacier moves downslope under the inCuence of
its own weight with a rate highly dependent on its
topography and mass inputs (Benn and Evans
2010). Glacier movement and hence velocity play a
major role in the distribution and redistribution of

Table 1. Details of the datasets used in the study.
Satellite/sensor
IRS LISS IV
Landsat 8 OLI/TIRS
Landsat 8 OLI/TIRS
Landsat 5 TM
Landsat 5 TM
Landsat 7 ETM
Landsat 5 TM
Landsat 5 TM

Date

Spatial
resolution (m)

Scene ID

Source

2015-11-26
2016-11-06
2013-10-29
2010-11-06
2008-10-31
2000-10-01
1994-10-09
1990-11-15

5.8
30
30
30
30
30
30
30

163230271
LC08˙L1TP˙145039˙20161106˙20170318
LC08˙L1TP˙145039˙20131029˙20170429
LT05˙L1TP˙145039˙20101106˙20161012
LT05˙L1TP˙145039˙20081031˙20161029
LE07˙L1TP˙145039˙20001001˙20170209
LT05˙L1TP˙145039˙19941009˙20170112
p145r39˙5t19901115

NRSC
USGS
USGS
USGS
USGS
USGS
USGS
USGS
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Table 2. The snout retreat of the Shunkalpa Glacier from various studies.
Year
1886–1906
1906–1957
1957–1964
1990–2016
2000–2012

Snout retreat

Rate of retreat

Source

213
305
151
425
250

10.65
5.90
21.57
16.34
20.83

Cotter and Brown (1907)
Jangpangi and Vohra (1962)
Kumar et al. (1975)
This study
Pelto (2013)

mass received at the accumulation zone of the
glacier (Dehecq et al. 2019). The surface velocity
was obtained by optical image correlation techniques using Co-registration of Optically Sensed
Images and Correlation (COSI-CORR), a plug-in
module to ENVI software, developed by Leprince
et al. (2007). The technique executes co-registration and correlation of two repeat pass optical
images to compute the surface displacement
(Scherler et al. 2008). In this study two Landsat 8
Pan bands for the years 2016 and 2017 were used to
derive the surface velocity of the Shunkalpa Glacier. The correlation of two optical images yields
displacements images for north–south (NS) and
east–west (EW) directions and also a signal-tonoise-ratio (SNR) image. The N–S and E–W displacement images were used to calculate resultant
surface movement with SNR [0.90.
The uncertainty associated with the derived
glacier surface velocity was estimated over
stable portions surrounding the glacier (Scherler
and Strecker 2012) assuming no movement on
these stable portions. The mean and the standard
deviation of the displacements over stable portions
were added and divided by the time duration
between the two correlated images (Shukla and
Garg 2020). The uncertainty in the glacier surface
velocity estimated in this study was 1.79 m/year.

4.3 Glacier ice thickness
The spatial distribution of the ice thickness of the
Shunkalpa Glacier was empirically derived using
Glen’s Cow law. The ice thickness estimation using
Glen’s Cow law equation can also be known as a
slope dependent method for estimating glacier ice
thickness and employs glacier surface velocity
to calculate the thickness (Gantayat et al. 2014).
In this study, the glacier surface velocity was
obtained by image-to-image correlation using
COSI-CORR module of ENVI software and has
been described elaborately in the previous section. The slope of the glacier was derived from

SRTM DEM. The ice thickness of the Shunkalpa
Glacier was then computed using equation (2)
(Gantayat et al. 2014; Sattar et al. 2019 and
references therein):

H¼

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1:5Us
4
Aðqfg sin hÞ3

;

ð2Þ

where H is the ice thickness of the glacier in meter,
Us is the surface velocity of the glacier derived
using COSSI-COR, A is the creeping parameter
with assigned value for a temperate glacier which is
2.4 9 1024 Pa3s1 (Cuffey and Paterson 2010),
q is ice density (900 kg m–3), f is the shape factor
having a value ranging between 0.6 and 1.0 and is
deBned as the ratio between the driving stress and
basal stress along a glacier (Haeberli and Hoelzle
1995). In this study, following Sattar et al. (2019)
and Gantayat et al. (2014), the value of f was
assigned as 0.8. In equation (2), g is acceleration
due to gravity (9.8 m s–2) and h is the slope derived
from SRTM DEM.
Uncertainties in the estimation of ice thickness
depend on uncertainty in velocity estimation from
satellite datasets, in the creep parameter A, in the
assumption of shape factor (f Þ, in the assumption
of density of ice (qÞ; and in the estimation of slope
angle. The collective uncertainty was therefore
derived by taking the natural logarithm of both
sides of Glen’s Cow law using equation (3) (Gantayat et al. 2014; Sattar et al. 2019):


dH
dUs dA 3df 3dq 3d ðsin hÞ
¼ 0:25




;
H
Us
A
f
q
sin h
ð3Þ
The velocity uncertainty (dUs) has been
estimated as 1.79 m/a. The value of dA
(uncertainty of the creeping parameters) has been
estimated by the difference between the value
assigned by Us and A (Farinotti et al. 2017). The
standard value of potential uncertainty in the
SRTM DEM for the Himalayan region is 14–16 m
(Kolecka and Kozak 2014; Mukul et al. 2017).
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Figure 2. (a) The snout extent of the Shunkalpa Glacier reconstructed and obtained from monitoring Landsat imageries between
1990 and 2016, shown on LISS IV imagery; (b) the rate of retreat of the snout of Shunkalpa Glacier at different period of time;
(c) the comparison of the rate of the Shunkalpa Glacier (i) Cottor and Brown (1907), (ii) Jangpangi and Vohra (1962),
(iii) Kumar et al. (1975), (iv) this study, and (v) Pelto (2013).

Therefore, the estimated value of d(sin h)/(sin h)
was around 0.145. Variation in ice density over the
depth of the glacier is unknown. Therefore, a
relative uncertainty of 10% has been assumed and
taken as 90 k gm3 and Bnally df is estimated to be
0.08 (10% of the value) (Farinotti et al. 2017).
Incorporating all the parameters in the equation of
uncertainty estimation, the combined value for
uncertainty/relative error of glacial ice depth was
derived to be around ±16%.
5. Results
5.1 Glacier retreat and area loss
The snout of the Shunkalpa Glacier has retreated
by *425 m from 1990 to 2016 with an average rate
of 16.34 m/yr as derived from satellite data.

Observation revealed that the rate of retreat of the
glacier was not consistent over the study period.
The glacier has receded by 46 m from 1990 to 1994
(recession rate of 9 m/year), 87 m from 1994 to
2000 (15 m/year), 145 m from 2000 to 2008 (18 m/
year), 60 m from 2008 to 2010 (30 m/year), 42 m
from 2010 to 2013 (14 m/year), and 45 m from
2013 to 2016 (15 m/year) (Bgure 2). The rate of
recession of the glacier snout was highest between
2008 and 2010 and was lowest between 1990 and
1994. On average, the snout of the glacier has
shifted upward by an elevation of *126 m asl
between 1990 and 2016. The glacier has vacated an
area of about *0.05 km2 from its front in the past
26 years of period. Table 2 and Bgure 2(b) show the
retreat of the glacier at different period of times
and Bgure 2(c) summarizes the retreat of the
glacier from various studies.
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Figure 3. (a) The surface velocity of the Shunkalpa Glacier; (b, c) velocity and velocity vectors near icefall zone of the
Kalabaland Glacier; and (d) icefall zone of Yankchar Glacier.

Figure 4. The ice thickness of the Shunkalpa Glacier shown on
LISS IV imagery.

Landsat 8 Pan images (Bgure 3). The average
velocity of the Shunkalpa Glacier together with
Kalabaland and Yankchar Glaciers was *22.8 m/
yr from 2016 to 2017. A separate analysis of the
velocities of both Kalabaland Glacier and Yankchar Glacier was carried out. The Kalabaland
Glacier was found to be more dynamic than the
Yankchar Glacier in terms of their movement. The
average velocity of the Kalabaland Glacier was
30 m/year, whereas the average velocity of Yankchar glacier was *15.6 m/yr, which was almost
half of that of the velocity of Kalabaland Glacier.
However, the icefall near the upper ablation part of
the Yankchar Glacier was the fastest (*195 m/
year) moving part of the glacier followed by the
icefall part near the accumulation zone of the
Kalabaland Glacier (*110 m/year). The icefall of
the Yankchar Glacier was much steeper than that
of the Kalabaland Glacier attributing to the fastest
movement of glacier surface near the area. The
frontal part of Shunkalpa Glacier which was highly
covered with debris was moving at an average rate
of 8 m/year. The upper ablation zone of the
Kalabaland Glacier has a velocity of *50 m/year.

5.2 Glacier surface velocity

5.3 Ice thickness

The surface velocity of Shunkalpa Glacier between
the years 2016 and 2017 was computed from

The ice thickness of the Shunkalpa Glacier ranged
from 15 to 347 m with an average thickness
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of around *109 m (Bgure 4). The coefBcient of
variation of the depth was around *54.37% which
means the variation of depth is quite higher in
different parts of the glacier. The middle part of
the Kalabaland Glacier, Yankchar Glacier, and the
areas near their conCuence have the maximum ice
thickness. The ice thickness varied from *4 to
60 m near the snout of the Shunkalpa Glacier. The
ice thickness was also higher at the cirque areas
near Bamba Dhura on Kalabaland Glacier, above
and below the icefall in the accumulation zone of
the Kalabaland Glacier, and above and below the
icefall of the Yankchar Glacier.

6. Discussions
An overall receding trend of the Shunkalpa Glacier
was revealed by both past and present studies. The
recession of the Shunkalpa Glacier as observed
from satellite data was in line with the previously
reported Beld observations and also with the other
glaciers in the region. Jangpangi and Vohra (1962)
and Kumar et al. (1975) have reported that
the Shunkalpa glacier has retreated at a rate of
10.65 m/yr from 1886 to 1906, 5.90 m/yr from
1906 to 1957, and 21.57 m/yr from 1957 to 1964.
According to Pelto (2013), the snout of the glacier
has retreated with a rate of 20.83 m/yr between
2000 and 2012 based on Google Earth imagery
analysis. Based on the maps and the description
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provided in Jangpangi and Vohra (1959, 1962) and
Kumar et al. (1975), we undertook to reconstruct
the snout position of Shunkalpa Glacier to Bnd the
retreat of the glacier since 1886. Since the previous
studies on the Shunkalpa Glacier did not provide
any latitude–longitude information of the glacier
snout location, we do not claim perfect accuracy in
our reconstructions. As per the reconstruction of
the snout position, the glacier has receded by
1406 m between 1886 and 2016 with a rate of
10.8 m/yr (±6.8). Jangpangi and Vohra (1962)
have reported that the Shunkalpa Glacier was
4 km long beyond the conCuence, however, in the
present scenario, the glacier is less than 2.5 km
long after conCuence.
A recent study on the Milam Glacier (Mal et al.
2019) which is located only *25 km north-west of
the Shunkalpa Glacier, reported a recession of the
glacier with a rate of 31.9 m/yr from 1968 to 2017.
The average rate of retreat of Shunkalpa Glacier
was much lesser than that of the nearby Milam
Glacier. This could be attributed to the geomorphological setting of the Shunkalpa Glacier. As
described in the previous section, Shunkalpa Glacier is a unique glacier constituted by two
contrasting glaciers (Kalabaland and Yankchar)
Cowing from two opposite sides. It was interesting
to observe that despite being a south-facing glacier,
Kalabaland glacier appeared more dynamic and
healthier than the Yankchar Glacier which is
north-facing, owing to a large accumulation area

Figure 5. The comparison of the surface velocities between the clean ice part of the Kalabaland Glacier and debris from the
tributary glacier.
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located at higher elevations. The lower rate of
recession of the Shunkalpa Glacier can be due to
good feed from the Kalabaland Glacier. One of the
notable features of the Yankchar Glacier was the
presence of a very long and permanent supraglacial
channel Cowing from the upper ablation zone
(*4780 m asl) to *4390 m asl. The clean portion
of the Kalabaland Glacier was characterized by the
presence of ogive bands which starts after the icefall around 5000 m asl, and the debris-covered part
has small supraglacial ponds. Below the conCuence
of the Kalabaland Glacier and Yankchar Glacier,
the Shunkalpa Glacier has transverse crevasses at
about *4240 m asl.
The mean surface velocity of the Shunkalpa
Glacier was derived to be *22.79 m/yr which was
in agreement with the velocity derivation of other
glaciers in the region. Sattar et al. (2019) have
reported a mean velocity of 27 m/yr of glaciers in
Central Himalaya employing the image matching
techniques using COSI-CORR. Shukla and Garg
(2020) have studied the spatio-temporal variations in the surface velocities of 18 glaciers in the
Central Himalaya, Uttarakhand, and suggested a
reduction in the surface velocity of glaciers from
22.63 to 11.50 m/yr in the Central Himalayas
from 1993 to 2016. However, no study has discussed the velocity of Shunkalpa Glacier specifically. The maximum velocity was observed
around the steepest part of the icefall in the upper
ablation zone of Yankchar glacier. Fast movement
of glaciated portions in the icefall areas was also
discussed by Sam et al. (2018) for the western
Himalayan glaciers. Glacier velocity is controlled
by glacier ice thickness, steepness and valley
geometry (Jiskoot et al. 2011). Near the icefall
zones, which are also the steepest parts of glacier,
the glacier ice undergoes extended stress causing
higher velocity at these parts. It was observed
that the mean velocity of the Kalabaland Glacier
was more than the Yankchar Glacier. Kalabaland
Glacier is a south-facing glacier with its accumulation zone located at very high elevations. This
part of the region is monsoon dominated and
receives a good amount of precipitation from the
monsoon. It can be assumed that the accumulation zone of the Kalabaland Glacier due to its
higher elevations receives a good amount of
snowfall during monsoon. The good amount of
snow and the topography of the glacier including
icefalls at many locations on the surface of the
glacier aid in the higher velocity and the hence
mass transportation from accumulation to the

Page 9 of 12 139
ablation zone. This can be evidenced by the
presence of the clean ice until the lower ablation
zone of the main Cank of Kalabaland Glacier.
Further, to verify our understanding of the mass
distribution and glacier dynamics, we have compared the surface velocities of the main Kalabaland Glacier which was free from debris and the
right tributary of the glacier, fully covered with
debris at 50 m interval of elevation bands
(Bgure 5). The result of our analysis was in
agreement with our assumption. After the upper
ablation icefall, the velocity of the main Cank of
the Kalabaland Glacier was more than double as
compared to the velocity of the debris-covered
tributary, from *4800 to *4650 m asl elevation
range. Since glaciers move under its own weight,
high amount of snow and the topography of the
main Cank of the Kalabaland Glacier were probably
the primary factors behind the transportation of
clean ice from the accumulation zone to the lower
ablation zone with a relatively higher velocity. Since
debris inhibits surface melting, a lower surface
velocity was expected on debris-covered parts of the
glacier contributed by the right-hand side tributary.
After an altitude of *4550 m asl till *4350 m asl,
similar velocities were observed on both the clean
ice surface and the debris-covered parts of the
Kalabaland Glacier.
A spatial variation was observed in the ice
thickness of the Shunkalpa Glacier which varied
between 15 and 347 m. The cirque areas in the
accumulation zone, areas above and below the
icefalls, and middle parts of ablation zones were
among the high ice thickness areas. High ice
thickness was also observed at the conCuence of
the Kalabaland and the Yankchar Glaciers.
Jangpangi and Vohra (1962) have reported an ice
thickness of 60 m of the Shunkalpa Glacier near
the snout. In this study, we have also observed
the ice thickness varying between 35 and 90 m
near the frontal part of the Shunkalpa Glacier.
This can be taken as the validation of our results
in absence of any Beld data of the glacier ice
thickness. We have also compared our results
with the thickness of other glaciers in the region
from various studies and found agreement with
our results. Gantayat et al. (2014) have found the
thickness of the Gangotri Glacier varying between
50 and 60 m near snout to 540 m near the upper
reaches of the glacier. The maximum ice thickness
of the Satopanth Glacier in the Central Himalaya
was 400 m (Sattar et al. 2019). The ice thickness
derived for the Shunkalpa Glacier in this study
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was in uniformity with the other glaciers in the
Central Himalaya having comparable size.

7. Conclusion
An overall understanding of status of glaciers in the
Himalaya is of utmost importance considering the
changing climate scenarios in high altitudes. In
recent years, a number of studies on Himalayan
glaciers using remote sensing data and techniques
have been carried out. However, a complete and
thorough study of glaciers is still lacking. In this
study, an attempt has been made to provide a
comprehensive study of the glaciological characteristics of Shunkalpa Glacier in Central Himalaya
using remote sensing techniques. The Shunkalpa
Glacier constituted of two major glaciers Kalabaland and Yankchar glaciers Cowing from two
opposite sides and having variable characteristics.
From the surface velocity perspective, the Kalabaland Glacier was found to be more dynamic with
major mass Cux. The clean ice part of the main
Kalabaland Glacier was moving with a higher rate
than the debris part coming from the tributary of
the glacier. The maximum movement of the glacier
was observed near the icefall areas of both Kalabaland and Yankchar Glaciers. The depth of the
glacier was estimated to be highest near the cirque
areas, below the icefall areas, the middle part of the
glaciers, and at the conCuence of the Kalabaland
and Yankchar Glaciers. The analysis of the historical records from the work by Jangpangi and
Vohra (1959, 1962) and the modern satellite images conBrmed the recession of the Shunkalpa Glacier during the last 130 years. The glacier is a rare
combination of the south-Cowing glacier with an
accumulation area located at very higher ranges
and a north-Cowing fully debris-covered glacier
with a relatively smaller and lower accumulation
zone. The dominating monsoon in the region might
have a role in the nourishment of the Kalabaland
Glacier. Owing to the geomorphological settings of
the Shunkalpa Glaciers with two major tributaries
from two opposite sides, the overall response of this
glacier can indicate an average state of Central
Himalayan glaciers, though not very correctly.
Since the glacier is a combination of both south
facing and north facing glaciers, the glacier has
both clean and debris part, supra glacier channels
and ponds, and icefalls. Therefore, the response of
the Shunkalpa Glacier can provide the best representation of overall Central Himalayan glaciers.

J. Earth Syst. Sci. (2021)130:139
Acknowledgements
The authors would like to acknowledge Mr Harish
Kapadia for providing Beld photographs and
expedition reports of Kalabaland Glacier through
personal communication. The authors are grateful
to Dr Prakash Chauhan, Director, Indian Institute
of Remote Sensing, ISRO for his support and
guidance. The Landsat and SRTM data were
downloaded from USGS and LISS IV images were
procured from NRSC.
Author statement
Pratima Pandey: Conceptualization, data processing and analysis, manuscript writing. Debanghu Banerjee: Data processing. P K Champati
Ray: Manuscript writing.

References
Abdullah T, Romshoo S A and Rashid I 2020 The satellite
observed glacier mass changes over the Upper Indus Basin
during 2000–2012; Sci. Rep. 10 14285, https://doi.org/10.
1038/s41598-020-71281-7.
Ali S N, Singh R and Pandey P 2019 Estimation of the frontal
retreat rate of the Pindari Glacier, Central Himalaya using
remote sensing technique; Earth Sci. India 12(III)
146–157, http://www.earthscienceindia.info.
Auden J B 1937 Snout of the Gangotri Glacier, Tehri Garhwal;
Rec. Geol. Surv. India 72 135–140.
Azam M F, Wagnon P, Berthier E, Vincent C, Fujita K and
Kargel J 2018 Review of the status and mass changes of
Himalayan-Karakoram glaciers; J. Glaciol. 64(243) 61–74,
https://doi.org/10.1017/jog.2017.86.
Bajracharya S R, Maharjan S B and Shrestha F 2014a The
status and decadal change of glaciers in Bhutan from the
1980s to 2010 based on satellite data; Ann. Glaciol. 55
159–166, https://doi.org/10.3189/2014AoG66A125.
Bajracharya S R, Maharjan S B, Shrestha F, Bajracharya O R
and Baidya S 2014b Glacier status in Nepal and decadal
change from 1980 to 2010 based on Landsat Data; Research
Report, ICIMOD.
Bajracharya S R, Maharjan S B, Shrestha F, Guo W, Liu S
and Immerzeel W et al. 2015 The glaciers of the Hindu
Kush Himalayas: Current status and observed changes
from the 1980s to 2010; Int. J. Water Resour. Dev., https://
doi.org/10.1080/07900627.2015.1005731.
Basnett S, Kulkarni A V and Bolch T 2013 The inCuence of
debris cover and glacial lakes on the recession of glaciers in
Sikkim Himalaya India; J. Glaciol. 59(218) 1035–1046,
https://doi.org/10.3189/2013JoG12J184.
Benn D I and Evans D J A 2010 Glaciers and Glaciation;
Hodder Education, London, 802p.
Bhambri R, Bolch T and Chaujar R K 2011 Mapping of debriscovered glaciers in the Garhwal Himalayas using ASTER

J. Earth Syst. Sci. (2021)130:139
DEMs and thermal data; Int. J. Remote Sens. 32 8095–8119,
https://doi.org/10.1080/01431161.2010.532821.
Bhambri R, Bolch T and Chaujar R K 2012 Frontal recession
of Gangotri Glacier, Garwhal Himalayas, from 1965 to
2006, measured through high-resolution remote sensing
data; Curr. Sci. 102 489–494.
Bhutiyani M R, Kale V S and Pawar N J 2007 Long-term
trends in maximum, minimum and mean annual air
temperatures across the north western Himalaya during
the twentieth century; Clim. Change 85 159–177, https://
doi.org/10.1007/s10584-006-9196-1.
Bhutiyani M R 2016 Spatial and temporal variability of
climate change in high-altitude regions of NW Himalaya;
In: Climate change, glacier response, and vegetation dynamics in the Himalaya (eds) Singh R B, SchickhoA U and Mal S
(Cham: Springer), pp. 87–101.
Bolch T, Shea J M, Liu S, Azam F M, Gao Y and Gruber S et al.
2019. Status and change of the cryosphere in the extended
Hindu Kush Himalaya Region; In: The Hindu Kush Himalaya Assessment (eds) Wester P, Mishra A, Mukherji A and
Shrestha A B (Cham: Springer), pp. 209–255.
Bolch T, Kulkarni A V, Kaab A, Huggel C, Paul F, Cogley G,
Frey H, Kargel J S, Fujita K, Scheel M, Stoffel M and
Bajracharya S 2012 The state and fate of Himalayan
Glaciers; Science 336 310–314.
de Cotter G P and Brown J C 1907 Notes on certain glaciers in
Kumaon; Rec. Geol. Surv. India 35 148–157.
Cuffey K M and Paterson W S B 2010 The Physics of Glaciers;
Academic Press, Cambridge, MA.
Dash S K, Jenamani R K, Kalsi S R and Panda S K 2007 Some
evidence of climate change in twentieth-century India;
Clim. Change 85 299–321, https://doi.org/10.1007/s10584007-9305-9.
Dehecq A, Gourmelen N, Gardner A S, Brun F, Goldberg D,
Nienow P W, Berthier E, Vincent C, Wagnon P and Trouve
E 2019 Twenty-Brst century glacier slowdown driven by
mass loss in High Mountain Asia; Nat. Geosci. 12(1)
111–127, https://doi.org/10.1038/s41561-018-0271-9.
Diodato N, Bellocchi G and Tartari G 2012 How do
Himalayan areas respond to global warming?; Int. J. Climatol. 32 975–982, https://doi.org/10.1002/joc.2340.
Dyurgerov M B and Meier M F 2000 Twentieth century
climate change: Evidence from small glaciers; Proc. Natl.
Acad. Sci. 97 1406–1411.
Farinotti D, BrinkerhoA D J, Clarke G K C, Furst
€ J J, Frey H,
Gantayat P et al. 2017 How accurate are estimates of
glacier ice thickness? Results from ITMIX, the Ice Thickness Models Intercomparison experiment; Cryosphere 11
949–970, https://doi.org/10.5194/tc-11-949-2017.
Fell S, Carrivick J L and Brown L E 2017 The multitrophic
eAects of climate change and glacier retreat in mountain
rivers; BioSci. 67(10).
Gantayat P, Kulkarni A V and Srinivasan J 2014 Estimation
of ice thickness using surface velocities and slope: Case
study at Gangotri Glacier, India; J. Glaciol. 60 277–282,
https://doi.org/10.3189/2014JoG13J078.
Granshaw F D and Fountain A G 2006 Glacier change
(1958–1998) in the North Cascades National Park Complex,
Washington, USA; J. Glaciol. 52 251–256, https://doi.org/
10.3189/172756506781828782.
Haeberli W and Hoelzle M 1995 Application of inventory data
for estimating characteristics of and regional climate-

Page 11 of 12 139
change eAects on mountain glaciers: A pilot study with
the European Alps; Ann. Glaciol. 21 206–212, https://doi.
org/10.3189/S0260305500015834.
Hall D K, Bahr K J, Shoener W, Bindschadler R A and Chien
J Y L 2003 Consideration of the errors inherent in mapping
historical glacier positions in Austria from the ground and
space; Remote Sens. Environ. 86 566–577, https://doi.org/
10.1016/S0034-4257(03)00134-2.
Heim A and Gansser A 1939 Central Himalaya. Denks.
Schweiz; Nat. Ges. Mem. Soc. Helv. Sci. Nat. 73(I) 32.
Intergovernmental Panel on Climate Change (IPCC) 2001
The ScientiBc Basis; Contribution of Working Group II to
the Third Assessment Report of the Intergovernmental
Panel on Climate Change, Cambridge: Cambridge University Press, http://www.grida.no/climate/ipcc˙tar.
Intergovernmental Panel on Climate Change (IPCC) 2007
IPCC Fourth Assessment Report: Climate Change 2007.
Synthesis Report (AR4). Geneva: World Meteorological
Organization (WMO) and United Nations Environment
Programme (UNEP).
Intergovernmental Panel on Climate Change (IPCC) 2013
Summary for Policymakers; In: Climate Change 2013: The
Physical Science Basis. Contribution of Working Group I to
the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change (eds) Stocker T F, Qin D,
Plattner G K, Tignor M, Allen S K, Boschung J, Nauels A,
Xia Y, Bex V and Midgley P M (Cambridge; New York,
NY: Cambridge University Press).
Jangpangi B S 1958 Report on the survey and glaciological
study of the Gangotri glacier, Tehri Garhwal District:
Glacier No. 3, Arwa Valley: Satopanth and Bhagirath
Kharak Glaciers, Garhwal District, Uttar Pradesh; Geol.
Survey India Memoir 18.
Jangpangi B S and Vohra C P 1959 Report on Glaciological
Study of Milam, Poting and Shankalpa (Ralam) Glaciers,
Pithoragarh District, Uttar Pradesh. Lucknow; Geological
Survey of India.
Jangpangi B S and Vohra C P 1962 The retreat of the
Shunkalpa (Ralam) glacier in Central Himalaya, Pithoragarh district, Uttar Pradesh, India; Union Geodseique Et
Geophysique Internationale, Commussion Des Neiges Et
Des Glaces, Colleque D’obergurgl Publ. No. 58 234–238.
Jiskoot H 2011 Dynamics of glaciers; In: Encyclopedia of
Snow, ice and Glaciers (eds) Singh V P, Singh P and
Haritashya U K, Springer, Dordrecht, The Netherlands,
pp. 245–256.
K€
aa€b A, Berthier E, Nuth C, Gardelle J and Arnaud Y 2012
Contrasting patterns of early twenty Brst-century glacier
mass change in the Himalayas; Nature 488 495–498,
https://doi.org/10.1038/nature11324.
K€
aa€b A, Treichler D, Nuth C and Berthier E 2015 Brief
communication: Contending estimates of 2003–2008 glacier
mass balance over the Pamir–Karakoram–Himalaya; Cryosphere 9 557–564, https://doi.org/10.5194/tc-9-557-2015.
Kapadia H 1980 Mountain of Long Life; Himalayan J. 36
68–74.
Kapadia H 1979 Chiring We, 1977; Himalayan J. 35 221–223.
Kolecka N and Kozak J 2014 Assessment of the accuracy of
SRTM C-band and X-band high mountain elevation data:
A case study of the Polish Tatra Mountains; Pure Appl.
Geophys. 171(6) 897–912, https://doi.org/10.1007/
sooo24-013-0695-5.

139

Page 12 of 12

Kulkarni A V and Karyakarte Y 2014 Observed changes in
Himalayan glaciers; Curr. Sci. 106 237–244.
Kumar G, Mehdi S H and Prakash G 1975 Observations on
some glaciers of Kumaon Himalaya, U.P. 1975; Rec. Geol.
Surv. India 106(2).
Leprince S, Barbot S, Ayoub F and Avouac J P 2007
Automatic and precise orthorectiBcation, coregistration,
and subpixel correlation of satellite images, application to
ground deformation measurements; IEEE Trans. Geosci.
Remote Sens. 45(6) 1529–1558, https://doi.org/10.1109/
TGRS.2006.888937.
Mal S, Mehta M, Singh R B, SchickhoA U and Bisht M P S
2019 Recession and morphological changes of the debriscovered Milam Glacier in Gori Ganga Valley Central
Himalaya India derived from satellite data; Front. Environ.
Sci. 7(42), https://doi.org/10.3389/fenvs.2019.00042.
Mandal A, Ramanathan A, Azam M, Angchuk T, Soheb M,
Kumar N, Pottakkal J G, Vatsal S, Mishra S and Singh V
2020 Understanding the interrelationships among mass
balance, meteorology, discharge and surface velocity on
Chhota Shigri Glacier over 2002–2019 using in situ measurements; J. Glaciol., https://doi.org/10.1017/jog.2020.42.
Mukul M et al. 2017 Uncertainties in the Shuttle Radar
Topography Mission (SRTM) heights: Insights from the
Indian Himalaya and peninsula; Sci. Rep. 7, https://doi.
org/10.1038/srep41672.
Nainwal H C, Banerjee A, Shankar R, Semwal P and Sharma
T 2016 Shrinkage of Satopanth and Bhagirath Kharak
glaciers, India, from 1936 to 2013; Ann. Glaciol. 57
131–139, https://doi.org/10.3189/2016AoG71A015.
Negi H S, Kanda N, Shekhar M S and Ganju A 2018 Recent
wintertime climatic variability over the North West
Himalayan Cryosphere; Curr. Sci. 114(4) 760–770.
Oelemans J 2005 Extracting a climatic signal from 169 glacier
records; Science 308 675–677.
Pandey P and Venkataraman G 2013 Changes in the glaciers
of Chandra-Bhaga basin, Himachal Himalaya, India,
between 1980 and 2010 measured using remote sensing;
Int. J. Remote Sens. 34 5584–5597, https://doi.org/10.
1080/01431161.2013.793464.
Pelto M 2013 Kalabaland Glacier, Retreat, Uttar Pradesh,
India; In: From a Glaciers Perspective, https://
glacierchange.wordpress.com/2013/12/23/kalabalandglacier-retreat-uttar-pradesh-india/.
Pratap B, Dobhal D P, Mehta M and Bhambri R 2015
InCuence of debris cover and altitude on glacier surface
melting: A case study on Dokriani Glacier, central
Himalaya, India; Ann. Glaciol. 56(70) 9–16, https://doi.
org/10.3189/2015AoG70A971.

Corresponding editor: NAVIN JUYAL

J. Earth Syst. Sci. (2021)130:139
Pratap B, Dobhal D P, Bhambri R, Mehta M and Tiwari V C
2016 Four decades of glacier mass balance observations in
the Indian Himalaya; Reg. Environ. Change 16
643–658.
Sam L, Bhardwaj A, Kumar R, Buchroithner M F and Torres
J M 2018 Heterogeneity in topographic control on velocities
of Western Himalayan glaciers; Sci. Rep. 8 12843, https://
doi.org/10.1038/s41598-018-31310-y.
Sattar A, Goswami A, Kulkarni A V and Das P 2019 Glaciersurface velocity derived ice volume and retreat assessment
in the Dhauliganga Basin, Central Himalaya – A remote
sensing and modeling based approach; Front. Earth Sci. 7
105, https://doi.org/10.3389/feart.2019.00105.
Scherler D, Leprince S and Strecker M R 2008 Glacier-surface
velocities in alpine terrain from optical satellite imagery –
Accuracy improvement and quality assessment; Remote
Sens. Environ. 112(10) 3806–3819, https://doi.org/10.
1016/j.rse.2008.05.018.
Scherler D and Strecker M R 2012 Large surface velocity
Cuctuations of Biafo Glacier, Central Karakoram, at high
spatial and temporal resolution from optical satellite
images; J. Glaciol. 58(209) 569–580, https://doi.org/10.
3189/2012JoG11J096.
SchickhoA U, Singh R B and Mal S 2016 Climate change and
dynamics of glaciers and vegetation in the Himalaya: An
overview; In: Climate change, glacier response, and vegetation dynamics in the Himalaya (eds) Singh R B, SchikhoA U
and Mal S (Cham: Springer), pp. 1–26.
Sakai A, Nishimura K, Kadota T and Takeuchi N 2009 Onset
of calving at supraglacial lakes on debris-covered glaciers of
the Nepal Himalaya; J. Glaciol. 55 909–917, https://doi.
org/10.3189/002214309790152555.
Shukla A and Garg P K 2020 Spatio-temporal trends in the
surface ice velocities of the central Himalayan glaciers
India; Global Planet. Change 190 103187.
Tewari A P 1972 Recent changes in the positions of snout of
the Pindari Glacier, Kumaon Himalaya, Almora district,
Uttar Pradesh, India; In: Proceedings of the BanA Symposia, Role of Snow and Ice in Hydrology (BanA, AB:
UNESCOWMO-IAHS, IAHS Publication), pp. 1144–1149.
Tewari A P and Jangpangi B S 1962 The retreat of the snout
on the Pindari Glacier; In: Variations of the Regime of
Existing Glaciers, Symposium of Obergurgl, Commission of
Snow and Ice, (ed) Ward W (Gentbrugge: International
Association of Hydrological Sciences) 58 245–248.
Venkatesh T N, Kulkarni A V and Srinivasan J 2013 Relative
eAect of slope and equilibrium line altitude on the retreat of
Himalayan glaciers; Cryosphere 6 301–311, https://doi.
org/10.5194/tc-6-301-2012.

