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Abstract
We present the preliminary observations about the recession and resultant lake formation of the Kokthang glacier in 
Sikkim, India. We have analyzed time-series satellite imagery from Corona and Landsat satellites over a span of 55 years 
to delineate the uncharacteristic recession and its control on the proglacial lake formation. It is seen that the eastern 
tributary of the glacier has melted and receded at ~ 37 m/yr between 1989 and 2000, which is twice as fast as its west-
ern counterpart (~ 18 m/yr). The water spread of the proglacial lake has increased from ~ 11.8 ha to ~ 38.5 ha between 
1962 and 2017 with commensurate volume change. The underlying topographic slope possibly controls the differential 
recession of the tributaries, wherein the eastern slope is significantly steeper (~ 44°) than the western slope (~ 20°). The 
variation of the slope may have resulted in the differential thickness of ice accumulation (estimated by empirical slope 
thickness relationship). The eastern tributary is estimated to be less thick than its western counterpart and thus has 
receded faster.
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1  Introduction

The change in global climatic conditions in the past half 
a century has significantly changed the distribution and 
extent of glaciers, especially in the Himalaya. Most of these 
Himalayan glaciers have demonstrated quantifiable retreat 
[1–3]. The annual rates of the recession of Himalayan gla-
ciers are estimated to be around 16–35 m [3–5]. Though 
the recession of the glaciers is primarily controlled by cli-
mate change, it also depends upon several non-climatic 
factors such as topography and debris cover [6]. Field stud-
ies of glaciers of the Himalayas are constrained due to the 
inaccessible and challenging terrain, thus making remote 
sensing methods important [7]. Measurement of recession 
rates based on temporal remote sensing imagery is an area 
of active research across the world [7–9]

The associated proglacial lakes, which are generally 
a consequence of such recession, in some instances, are 
now presenting a threat to the establishments down-
stream with the possibility of a moraine breach and glacial 
lake outburst flood. Such incidents have been reported 
across the glaciated higher reaches of the Himalayas. A 
breach of a glacial lake in Nepal Tibet border in July 1981 
caused severe economic losses, which included complete 
inundation of the Sunkoshi Hydroelectric power station 
[10]. Similarly, another incident was also reported from 
Karakoram Himalayas in June 2008 [11] and Luggye Tso 
in Bhutan on October 6, 1994 [12]. In India, recently, the 
large-scale disaster in Kedarnath was partly attributed to 
the breach of a moraine-dammed glacial lake [13]. These 
incidents have triggered the identification and monitoring 
of the glacier and associated glacial lakes. Comprehensive 
inventories of glacial lakes have been created for all the 

 *  Priyom Roy, roy.priyom@gmail.com | 1Geosciences Group, National Remote Sensing Centre, Indian Space Research Organization, 
Hyderabad 500037, India.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-020-03727-6&domain=pdf


Vol:.(1234567890)

Short Communication	 SN Applied Sciences (2020) 2:1988 | https://doi.org/10.1007/s42452-020-03727-6

significant glaciers in the Sikkim Himalayas [1] and for the 
North-Western Himalayas [14].

The Kokthang glacier is a small yet significant glacier 
located on the eastern boundary of the Sikkim state in 
India (Fig. 1a). In this study, we present a preliminary analy-
sis of the glacier using satellite-based remote sensing data 
[15–18]. We have estimated the recession rates of the two 
tributaries of the glacier and the change in water spread of 
the lake associated with it. We have made an approximate 
estimate of the temporal volume change of the lake using 
an empirical volume area relationship [19]. We have also 
presented a plausible reason for the uncharacteristic reces-
sion of the two tributaries of the glacier. The underlying 
topographic variation between the eastern and western 
tributary and the consequently accumulated ice thickness 
may have resulted in the eastern tributary to recede at a 
faster rate [20].

2 � Study area

The state of Sikkim, comprising 0.5 percent of India’s 
landmass, has 84 glaciers, the largest number as com-
pared to any other state or union territory [21]. The 
Kokthang Glacier originates from the Kokthang peak, a 

satellite peak south of the Kanchenjunga Massif in Sik-
kim. It is situated south of the East Rathong Glacier. It 
is geographically bound by coordinates: 27° 31′ N–27° 
34′ N and 88° 04′ E–88° 06′ E. The valley has an average 
altitude of 5400 m and is surrounded by steep snow-
covered peaks. The region lies in the High Himalayan 
Crystalline zone with high-grade metamorphic gneisses 
[22]. The climate, in general, is that of dry temperate.

Geomorphologically, the glacier may be described as 
a valley glacier with an accumulation zone at an altitude 
of 5000–5400 m. Large number of crevasses can be seen 
at the margin of the accumulation and ablation zone 
from satellite imagery. The depositional landforms like 
lateral moraines (left and right) and terminal moraine 
are distinct (Fig. 1b). The melt of the glacier forms the 
proglacial lake with terminal moraine forming the wall 
in the south. The terminal moraine appears to contain an 
iced core as few small water bodies can be seen accumu-
lated within the moraine. The outwash plain is formed 
by the melting glacial ice, from which a tributary drains 
into the main Rangit river.

Fig. 1   a Position of Kokthang Glacier (demarcated by a pink rectangle), b Simplified Geomorphological map of Kokthang Glacier
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3 � Materials and method

3.1 � Analysis of satellite imagery and DEM

We have used time-series satellite imagery from declassi-
fied Corona (source:  https​://earth​explo​rer.usgs.gov/) and 
Landsat satellites (source: United States Geological Survey) 
to analyze the changes occurring over 55 years for the gla-
cier and the proglacial lake formed at the vicinity of the ter-
minus. All the images, except that of the Corona imagery 
(panchromatic), were preprocessed as per standard steps, 
including image layer stacking, resolution merge, co-regis-
tration and merging (pan-sharpening). To nullify the effect 
of seasonal variations, we attempted to analyze data of 
October–December for all the considered years. The vari-
ation of the glacial terminus was interpreted using image 
interpretation keys such as tone, shape and structure from 
bands 5-4-3 RGB composite Landsat images. In debris-
covered glaciers, discrimination of debris and snow/ice 
from remote sensing imagery remains to be a challenge. 
We have used band ratios of Landsat bands 4 and 5 (ratio 
image) to delineate the debris from the ice [23].

Further, as supporting evidence, principal component 
analysis of the Landsat imageries was also attempted to 
demarcate the debris and glaciated snow and ice [24]. In 
addition to this, to extract elevation information to under-
stand glacial recession, Cartosat-1 (source: ISRO) digital 
elevation model (DEM) of 30 m posting and 8 m vertical 
accuracy was used. Elevation and slope information from 
the DEM is used to demarcate the height of the glacial 
terminus and estimate the along slope movement in order 
to calculate the approximate recession rate. Further, the 
slope information is also used to estimate ice thickness, as 
described in Sect. 3.3. A summary of time-series satellite 
data used in the study, is provided in Table 1.

3.2 � Estimation of lake volume

Estimation of the volume of glacial lakes necessitates spe-
cific in situ measurements. However, empirical relations, 

which relates the water spread area to the volume of 
the lake, have been postulated by researchers. Huggel 
et  al. presented a volume–area relationship of glacial 
lakes in the Swiss Alps [19]. In the absence of any other 
ground information, we use the empirical relation [16] 
given in Eq. 1 to estimate the volume of the proglacial lake 
from the water spread area deduced by the interpretation 
of the satellite imagery. We estimate the volume for all the 
observations years (1962–2017).

The lake volume,

where V is the lake volume in m3 and A is the lake area in 
m2.

3.3 � Estimation of ice thickness 
from the “slope‑dependent method”

The thickness of ice on the glacier is an important param-
eter to understand glacial dynamics. We estimate the ice 
thickness from the topographic slope using the “slope-
dependent method” presented by Cooper et al. [20]. The 
ice thickness H, of distribution of the glacier, is given as:

where τ is the basal shear stress, ρ is the density of ice, g 
the acceleration due to gravity, f is the shape factor, H is 
the ice thickness, and α is the surface slope. Here the value 
of τ used is 1.5 bar, the value of g is ~ 9.81 m/s2, and the 
density of ice is taken as 900 kg/m3 [17]. Here an average 
value of f = 0.8 is used for the entire glacier [20]. The sur-
face slope α is estimated from the DEM and is measured 
along with equispaced points along the long axis of the 
tributary glaciers.

(1)V = 0.104A
0.42

(2)H = �∕(f�gsin�)

Table 1   Summary of temporal satellite imagery used in the analysis

Image Acquisition date Spatial resolution Bands used

Corona (Declassified) 15-12-1962  7.5 m Panchromatic
Landsat 2 (Multispectral Scanner) 30-11-1976 80 m Visible, Near-infrared 

and Shortwave 
infrared

Landsat 5 (Thematic Mapper) 31-12-1987 30 m
Landsat 5 (Thematic Mapper) 05-11-1996 30 m
Landsat 7 (Enhanced Thematic Mapper Plus) 13-10-2000 30 m
Landsat 7 (Enhanced Thematic Mapper Plus) 17-12-2006 30 m
Landsat 8 (Observational Land Imager) 25-11-2017 30 m

https://earthexplorer.usgs.gov/
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4 � Results and discussion

The declassified Corona panchromatic imagery of Decem-
ber 1962 was taken as the base data. It is the oldest avail-
able imagery of the region and provides a suitable bench-
mark against which the change detection study can be 
carried out. In this image, the lake is seen within the valley, 
dammed against the terminal moraine (Fig. 2a). Though 
it appears to be completely frozen, the extent of the ice 
sheet outlining the frozen surface represents the lake 
area. The primary glacier (western valley) and the tribu-
tary glacier (eastern valley) are significantly snow-covered 
(in October and November). As seen from the Landsat 
imagery, between 1976 and 1989 (Fig. 2b and c), the gla-
ciers have observably receded with the lake occupying a 
more considerable areal extent in 1989 (Fig. 2c). In 1996 
and 2000 imagery (Fig. 2d and e), it is seen that the lake 
has elongated along its long axis and the eastern tribu-
tary glacier has receded, almost to a hanging valley with 
significant crevasses near the terminus. In 2006 and 2014 
(Fig. 2f and g), a further lengthwise extension of the lake 
is seen. Finally, in 2017, it appears that both the contribut-
ing glaciers have receded away from the lake. Presently, it 
appears that the lake is in a steady-state with no change 
in the area of the water spread.

We have analyzed the quantitative change in the 
position of the terminus (tongue) (Fig. 2i) vis-a-vis the 
change in lake area (Fig. 2j) using the Cartosat-1 DEM. 
The mean slope of the eastern tributary is ~ 44°, whereas 
that of the western tributary is around ~ 20°. It is seen 
that between 1962 and 1989, the position of the termi-
nuses has gradually receded (Fig. 2i). The terminus of 
the western tributary has receded from an elevation of 
4850 m in 1962 to an elevation of 4960 m in 1989 and 
further to an elevation of 5030 m in 2000. This translates 
to an along with slope recession (using triangulation) 
of ~ 320 m and ~ 205 m, thus deriving a rate of ~ 12 m/yr 
and ~ 18 m/y between the observation years. Whereas, 
the terminus of it is eastern counterpart has receded 
from an elevation of 4865 m to 5000 m between 1962 
and 1989 and further to a height 5290 m in the year 
2000. This equates to an along slope recession of ~ 191 m 
and ~ 410 m respectively, thus deriving a rate of ~ 7 m/
yr and ~ 37 m/y between the observation years. Between 
1962 and 1989, both the tributaries have receded at a 
similar rate (Fig. 3) with a commensurate change in the 
lake area, measured to be around 11.8 ha (Fig. 2j). After 
that, there has been a significant recession of both the 

tributaries leading to the expansion of the lake. From an 
aerial extent of 17.6 Ha in 1989, the area has increased 
to 32.4 ha in 2006 and further to the extent of 38.5 ha 
in 2017. The commensurate increase in the volume of 
the lake (calculated using Eq. 1) is from 1.6 × 106 m3 in 
1969 to 2.9 × 106 m3 in 1989 and 8.6 × 106 m3 in 2014 
(Fig. 3a). As the estimates of the recession rate suggest 
that the eastern tributary has receded at a faster rate. 
Therefore, the melt from the eastern tributary may have 
primarily contributed to the expansion of the lake. Post-
2006, it is observed that there have been fluctuations in 
the position of the terminus, especially of the eastern 
tributary. This may be attributed to the opening up of 
the crevasses and gravitational downslope movement 
of the glacier. However, the complete disconnection of 
the glaciers with the lake is noticed between 2014 and 
2017 and has reduced the supply of meltwater to the 
same. Hence, the lake area seems to be static with minor 
variation between 2014 and 2017.

The area of the lake appears to be stable in the last 
five years, and it seems that there may not be any pos-
sible increase in the water spread of the lake as the core 
ice of the moraines of the receded glaciers gradually 
melts. However, the asymmetric recession of the two 
contributing tributary glaciers to the lake dynamics indi-
cates some associated geomorphic/topographic control 
(Fig. 3a). Further, both the tributaries are similar in their 
quantum of debris cover and are southeast facing; hence 
‘slope-aspect’ or debris cover effect is nullified. However, 
as discussed earlier the eastern glacier is situated on a 
much steeper slope of ~ 44° than the western counter-
part (~ 20°). This may probably imply that the variation 
of the underlying topography has control over the reces-
sion rate of the glacier in this region (Fig. 3b). Such topo-
graphic control has been earlier reported for Himalayan 
glaciers [9, 21].

It has also been observed that small and steeply sloping 
glaciers recess faster than the larger and gentle glaciers 
[25–27], as is the case with the Kokthang Glacier. The topo-
graphic slope governs the accumulated ice thickness of 
the tributaries. Empirical estimates of ice thickness from 
the topographic slope (calculated using Eq. 2) suggest 
that the ice thickness is much lesser in the eastern tribu-
tary. We have derived the ice thickness using slope values 
at 5 locations along the profiles AA’ and BB’ (Fig. 2i). The 
average thickness of the eastern tributary is ~ 4 m, with 
thinning of the ice sheet at higher elevations (Fig. 3b). As 
compared to this, the western tributary has a higher aver-
age ice thickness, ~ 7.5 m with a thicker terminus (~ 10 m). 
The topographically controlled variation in accumulated 
ice thickness may have resulted in the faster recession of 
the eastern tributary, which was significantly thinner than 
the western counterpart (Fig. 3b).

Fig. 2   a-h. Temporal changes in glacier and lake, i Change in posi-
tion of terminus as seen from temporal satellite imagery of Corona 
and Landsat series. j Change in water spread of the lake from 1962 
to 2017

◂
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5 � Conclusion

We have presented preliminary observations regarding 
the recession and lake formation in the Kokthang Glacier 
in Sikkim, India. Multi-temporal remote sensing imagery 
enables the monitoring of glacial dynamics and associ-
ated lakes. This, coupled with empirical relationships, 
provides first-pass quantitative estimates of ice dynamics 
and lake volumes. The two tributaries of the same glacier 
can recess differentially being controlled by the underlying 
topographic slope, which has resulted in differential ice 
accumulation along with the glacier bodies. The steeper 
tributary has recessed at a much higher rate and has con-
tributed to the lake enlargement. Due to their dynamic 
nature, it is now imperative that the glaciers and associ-
ated glacial lakes of the Himalaya may be monitored using 
temporal satellite imagery, spanning over the last five 

decades. Climatic, as well as non-climatic factors, govern 
the recession rates and pattern of the glaciers. Lastly, it 
has to be considered that the observations and quanti-
tative estimates presented in this study are constrained 
to the spatial resolution and accuracy of the imagery and 
height accuracy of the DEM. Further, in situ observations 
are required in this region to precisely quantify the reces-
sion rates and lake volumes.
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Fig. 3   a Change in elevation 
of the terminus of eastern and 
western tributary glaciers and 
consequent changes in the 
volume of the lake (estimated 
from Eq. 1, Huggel et al. [19]), 
b Generalized topographic 
slope profile AA’ and BB’ (refer 
Fig. 2i) of eastern and western 
tributary glaciers along with 
the thickness of ice accumula-
tion shown by vertical bars. 
(estimated from Eq. 2, Cooper 
et al. [20])
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