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Abstract

Snow cover is an important feature for the supply of freshwater and influences climatic hydrology at 
various altitudes, especially in mountain regions. Snow is a significant component of the environmental 
threat. In order to map and realize the extent of snow cover at high altitudes, continuous monitoring  
is therefore necessary. Data from satellite remote sensing helps to capture land cover and changes in land 
cover. The major intricacies in the snow cover mapping in the Leh region are the underlying vegetation, 
debris, and sparse snow. The Landsat OLI satellite data base methodology was developed to map the 
snow cover in the Leh region of the Indian Himalayas through NDSI (normalized difference snow 
index) to overcome such area specific issues. NDSI encompasses a reasonably good accuracy and can 
be used extensively because topographic shadows, water bodies and clouds can easily be misinterpreted 
as snow. It is capable of differentiating pixels of snow from pixels of cloud, debris, vegetation,  
and water. The NDSI was generated for snow mapping using Landsat OLI satellite images. Using  
the high reflectance of the snow in the blue band, misinterpreted water bodies were removed. NDSI  
was subsequently used month-wise to estimate the snow cover of the Leh region (Ladakh Union 
Territory of India). The findings of present study clearly indicate that the accuracy of the NDSI  
is reasonably appropriate for the estimation of the snow cover distribution over a wider area. It has been 
also observed that the snow cover in the study region has decreased over the years.
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Introduction

One tenth part of the Earth’s surface is permanently 
covered with ice, but snow and ice is present across 
the world in unpredictable quantities during different 
seasons. In Himalayan region the traditional field-
based methodology is not useful for the study due to 
its rough topography, extreme weather conditions and 
high altitude. The satellite data are used for accurate 
observations due to its synoptic view, generating 
distinct spectral properties of snow and glaciers, 
high temporal frequency assisted by advanced digital 
image processing and analytical techniques. Due 
to its unique and broad applicability Geographical 
Information System (GIS) and remote sensing (RS) 
tools and techniques have gained popularity to carry 
out accurate, swift cataloging, mapping and monitoring 
of the inaccessible terrain of Himalayan region [1]. A 
significant indicator of climate change is the process of 
ice forming and melting, and satellites play a crucial 
role in monitoring this [2]. Snow is a significant 
component of the Earth’s radiation balance due to its 
unique reflective nature and broad surface exposure 
[3]. As such, during the winter Northern Hemisphere, 
snow covers more than 40 per cent of the surface of 
the Earth [4, 5]. Human activities in these regions are 
highly dependent upon their first date of first snowfall 
to ultimate melting. As the Cryosphere is constituted of 
diverse variables resulting the into foremost impact on 
geography, environment and their outcomes [6]. In hilly 
terrains, dissimilar hydrological snow indicators are 
difficult to measure and continue to change from point 
to point [7]. Different approaches have been offered for 
the identification of snow cover variations during the 
last few decades normalized difference indices such as 
normalized difference snow index (NDSI) [8, 9], change 
detection processes [10], pan-sharpening techniques 
[11], field observations or surface temperature based 
snow depth maps [12, 13, 14] (Gusain et al., 2016; Singh 
et al., 2016; Taloor et al., 2019). Hall et al coined the 
term normalized-difference snow index (NDSI) in 1995 
[15]. However, owing to different factors such as rough 
hilly terrain topography, prevalence of shadow effects 
and complex climatology, effective identification of 
snow cover variability is still a difficult task [16]. In 
various studies, satellite-based estimation of snow cover 
has been widely used in a number of recent climate–
hydrological studies. Most of these studies have been 
conducted at a local scale, such as explaining climate 
and erosion in the Himalayas [17] and detecting shifting 
mountain snow patterns [18]. As such the satellite 
remote sensing has been used for monitoring snow-
covered areas because it can satisfy all of the necessary 
requirements namely, wide coverage, frequency, and 
simultaneity of measurements [19]. Also, snow is a 
critical factor in modelling and simulating alterations 
in climate change on the water resources, ecological 
factors, albedo, and ultimately the radiation budget 
changes [20, 21]. Moreover, a combination of the 

green band and shortwave infrared-2 (SWIR2) band 
has been applied to map snow cover and water bodies, 
respectively [22]. Seasonal snowfall covers larger areas, 
particularly in the winter season whereas snowfall in 
the spring and summer seasons determines the flow of 
the rivers. During the winter season, the snow cover 
may cause avalanches to form, leading to hazards. 
Therefore, mapping the seasonal snow cover in the Leh 
area is also an important parameter for varied snow-
hazard applications. The analysis of the necessary 
algorithm to choose an appropriate sensor has also been 
studied by using capacity of remote sensing for the 
collection of required parameters in snow-hydrology 
[23, 24]. However, because of its high reflectance, the 
degree of snow cover can easily be detected in the 
visible and near-infrared (NIR) wavelength bands [25].  

The Leh region is located at a high altitude and 
has a rugged topography that is mostly inaccessible, 
making it very difficult to obtain information about the 
snow-covered areas. Earth observation satellites offer 
great potential for monitoring the dynamics of snow at 
different levels of scale.

Material and Methods

Snow consists of tiny ice pieces which is just a coarse 
material. The process of precipitation of snow is known 
as snowfall. The density of fresh snow is 30-50 kg/m3

whereas the density of firn is about 400-830 kg/m3 
and density of glacier ice is 830-910 kg/m3. Firn is a 
crystalline or granular snow, especially on the upper 
part of a glacier, where it has not yet been compressed 
into ice. Once the snow survives for a minimum of one 
summer, it becomes firn and in many years, it becomes 
glacier ice. Due to remelting and recrystallization 
snow density increases and air spaces decreases in 
the ice crystals [26]. The extent of the snow cover for 
numerous climatological and hydrological applications 
is considered an important parameter.

Use of conventional methods for the seasonal snow 
cover mapping and monitoring is an arduous job, 
particularly under harsh climatic conditions and rugged 
topography of the Himalayas. Remote sensing is used 
to map and monitor seasonal snow cover because it 
covers a larger area with recording high temporal 
frequency data and making snow easily identifiable as 
it has unique signatures in optical remote sensing data. 
The normalized difference snow index (NDSI) is a 
widely used algorithm for the detection and estimation 
of snow cover [27]. NDSI is also used as a decision 
tree parameter for cloud cover assessment algorithms. 
According to physical principles of remote sensing, 
the NDSI is based on the fact that snow reflects visible 
light more than it reflects middle-infrared light [28]. 
The ratio of radiance values in VNIR (0.68-0.76 mm) 
and NIR or SWIR (1.55-1.75 mm) provides a method 
to discriminate snow and cloud cover [29]. A ratio was 
used of 1.6-0.754 mm channels to distinguish snow  
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and cloud using a cloud physics radiometer with  
0.754-1.64 mm channels [30]. An IR band was also used 
to test for surface temperature to distinguish snow and 
clouds. More-sophisticated application of band ratios 
as used with Landsat Thematic Mapper TM data was 
developed [31, 32] and the normalized difference of 
TM bands 2 (0.52-0.60 mm) and 5 (1.55-1.75 mm) was 
introduced [33]. An automated mapping of snow and 
threshold tests was developed for the identification 
of shadowed snow, vegetation, cloud, and soil in sun-
drenched areas [34]. The NDSI approach for the 
mapping of snow cover became automated, after the 
introduction of MODIS in 1999, by using an algorithm 
that uses the NDSI along with a range of threshold tests.

In addition, NDSI has some recognised limits, in 
which snow can sometimes be confused with water, 
and lower NDSI thresholds are sometimes needed to 
properly identify snow covered forests. This implies 
that by integration with other assessment indices, NDSI 
efficiency can be enhanced. 

As snow reflects strongly in the visible region and 
absorbs in SWIR, with the aid of the difference in the 
ratio of visible and SWIR bands, an NDSI image is 
generated to demarcate snow and non-snow features. 
NDSI is calculated using the following general equation: 

Regional Setting

Ladakh is a mountainous area nestled in the Indian 
Himalayas. Ladakh means “land of high passes”. Its 
altitude varies from 2,800 metres to 4,500 metres 
above sea level. However, several peaks are above 
6,000 metres in the Ladakh mountain range (Fig. 1). 
Leh district has an area of 45,110 km2 and a population 

density of only three persons per square kilometre. As 
the Himalayas, by generally refusing entry to monsoon 
clouds, build a rain shadow. Consequently, Ladakh is 
a desert at high altitudes [35]. Leh is the main town 
(population of 30870 in 2011 census) and it is located 

Fig. 1. Study area showing the studied Leh region in Ladakh 
mountain range.

Table 1. Specifications of the Sentinel-2A and Landsat 8 data.

Spectral 
Bands

Sentinel-2A Landsat-8 OLI

Spectral Region Wavelength Range 
(nm)

Spatial Resolution 
(m)

Spectral 
Region

Wavelength Region 
(nm)

Spatial Resolution 
(m)

B1 Blue 435-451 30

B2 Blue 458-523 10 Blue 452-512 30

B3 Green 543-578 10 Green 533-590 30

B4 Red 650-680 10 Red 636-673 30

B5 Red Edge 698-712 20 NIR 851-879 30

B6 Red Edge 733-748 20 SWIR1 1566-1651 30

B7 Red Edge 773-793 20 SWIR2 2107-2294 30

B8 NIR 785-899 10 `

B8A NIR Narrow 844-875 20

B11 SWIR 1565-1655 20

B12 SWIR 2100-2280 20
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at an altitude of 3,500 metres. The second largest city 
is Kargil which is situated at an altitude of 2,680 metres 
above sea level. Snowfall usually occurs in the months 
of December, January, February and March. Infrequent 
snowfall has also been recorded in the months of April, 
May, October and November till 2012 [36].

 Data and Methods

The Landsat imagery obtained from Operational 
Land Imager (OLI), and Sentinel-2A has been 
extensively used in numerous studies in the field of 
remote sensing since their launch. It has been widely 
employed in inland water body and snow-cover 
mapping because of its high spatial resolution (http://
earthexplorer.usgs.gov). Landsat OLI and Sentinel data 
specifications are provided in Table 1.

After visually inspecting the output, the different 
Landsat-8 OLI and Sentinel-2A images will develop 
thresholds based on observed snow/ice characteristics. 
These outputs of the analysis show the following NDSI 
snow/ice thresholds: snow cover (high confidence), 
overcast (medium confidence) and low confidence 
(ground surface) areas (Fig. 2).

Masking Based on Altitude 

Spectral overlap from various land-cover classes 
results in misclassification due to illumination. As a 
result, non-snow land cover appears as snow. Even 
scattered snow pixels were also observed in the tropical 

settings. Some pixels were misclassified as pixels of 
snow and were manually corrected. At the product 
level, there are limitations to addressing this issue. 
The altitude-based masking remains the single most 
widely used technique to deal with scattered snow 
pixels originating at low altitudes. The challenge lies in 
allocating the optimum threshold altitude to implement 
altitude-based masking throughout the region. Because 
of the heat released by the urban population of Leh, the 
snow line differs across the region, so there is no valid 
single threshold value. Therefore, different threshold 
values became necessary to use and snow pixels below 
threshold altitude were reclassified to surrounding land 
classes.

Results and Discussion

The snow reflectance is very high in the green and 
very low in the shortwave infra-red (SWIR) zones. 
In the SWIR zone, the ice absorption coefficient is 
very high, resulting in a very low reflectance in this 
spectrum region [37]. In the SWIR zone, on the other 
hand, water clouds and ice clouds are more reflective 
than snow [38], since water has less absorptive capacity 
than ice, and the tiny ice crystals in cirrus clouds are 
more reflective than the larger snow particles [39]. 
NDSI values were found to be in the range of 0.9 to 
0.96 for all snow types, such as fresh, clean, patchy and 
muddy, and contaminated snow. Whereas the NDSI 
values for clouds, determined from the existing data  

Fig. 2. NDSI Algorithm for Snow Cover Mapping.
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of spectral reflectance [40] were found to be in the 
range 0.0 to 0.23 [41].

NDSI values for snow were found to be in the 
range 0.66 to 0.98. Furthermore, the NDSI value for 
snow under the shadow of mountain is found to be 
around 0.92. This encourages the successful use of 
NDSI method for snow cover mapping and monitoring 
under mountain shadow. The NDSI values for the 
ground surface were considerably different from snow  
(range -1 to 0) while the vegetation could be delineated 
using the Red Band (0.63-0.69). However, water bodies 
have similar to snow NDSI values and must be masked 
while delineation of snow cover in the given NIR range 
of 0.76-0.90.

We computed the percentage of snow cover in 
both the NDSI images of Landsat and Sentinel and 
obtained the same result (Figs 3 and 4) This means 
that both images are equally reliable for the analysis of 
snow cover and that the snow cover is highest during 

the month of January, which gradually decreases until 
September-October months. It then increases again in 
the selected zone.

With the exception of snow and water, NDSI 
values for all other phenomenon such as soil, rock and 
vegetation typically confined in the Himalayas, are 
found to be less than zero. Water bodies have NDSI 
values that are identical to snow and required to be 
masked using an appropriate band during snow cover 
delineation. The water absorbs much of the radiation 
in the near-infrared region (NIR) and can therefore 
be easily delineated in the NIR band [42]. Fig. 5 
demonstrates the NDSI classification of Sentinel-2 
image (B3 and B11) as VIR and SWIR and Fig. 6 
Landsat-8 Image using (B3 and B6) as Green and 
SWIR respectively. Month wise, Landsat-8 image and 
Sentinel-2 image data of 2019 and 2020 were used for 
the classification.

Fig. 3. Variation in snow cover (%) areal extent from September 2019 to September 2020 (NDSI of Sentinel images).

Fig. 4. Variation in snow cover (%) areal extent from September 2019 to September 2020 (NDSI of Landsat-8 OLI images).
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Fig. 5. Snow cover products (Sentinel-2A images, Sept. 2019 to Oct., 2020).
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Visual Identification of Snow and Cloud from 
Landsat 8 (Different Band Combination)  

In this analysis, the cloud particle and snow cover 
area were visually identified using different band 
combinations of Landsat 8 data (Fig 6). Although the 
cloud and snow spectral profile image can be clearly 
distinguished (Fig. 7).

Assessment of Accuracy

The error matrix approach has been used 
for determining accuracy. This approach allows 
quantitatively comparing of two sources of spatial 
information using a standard, non-site specific, and 

reliable accuracy assessment method [43]. This is 
achieved as on to a classified image (12-day enhanced 
Sentinel-2A snow product), information from the 
field station (snow or non-snow) is superimposed and  
the agreement between the information from the 
reference points and classified images are compared.  
The Cohen’s Kappa statistics allows for chance, 
and ranges from 0 in the case of the most confused 
classification to 1 in the case of the most accurate 
classification [44, 45]. Kappa statistics and Overall 
accuracy were calculated using the resulting error 
matrix. Overall accuracy – the total agreement  
and/or difference between the maps – was determined 
by dividing the total number of correct sample units  
by the total number of sample units in the Kappa 

Fig. 6. Snow cover products (Landsat-8 OLI images, Sept. 2019 to Sept., 2020). 
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Fig. 7. Landsat 8 images of different band combination for snow and cloud identification. Bands B7, B6, B2 (2019 and 2020). It showing 
images cloud particles can be clearly identified in these images showing snow areas visually. 
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statistics error matrix, which is a measure of the 
proportionate reduction of the error produced by 
the classification process compared to the error of a 
completely random classification [46].

...where D denotes the total number of correct cells 
along the major diagonal and N the total number of cells 
in the error matrix.

Where r is the number of rows within the matrix, xii 
is the total number of correct cells in the very class (i.e., 
value in row i and column i), xi+ is the total for row i, 
x+i is the total for column i, and N is the total number 
of cells within the error matrix. The Erdas Imagine 
2015 was used to determine error matrix. The accuracy 
assessment was performed in order to assess accuracy 
of each class. For  these reasons, a reference data set 
containing a total of 396 points was initially developed. 
The overall accuracy for Landsat-8 data was found to 
be 82.54% with a Kappa value of 0.8941; while the 
overall accuracy for Sentinel-2 data was 94.75% with a 
Kappa value of 0.9265.

Conclusions 

By using the Landsat-8 and Sentinel-2A sensor data 
over the Leh area of India, snow cover distribution 
characteristics are calculated. To estimate the NDSI, 
the Landsat-8 and Sentinel-2A satellite sensor has the 
needed wavelength bands. However, because Sentinel-2 
has similar spectral and spatial characteristics to 
Landsat OLI [47], their data were combined in the 
previous studies in order to achieve a better temporal 
observation [48, 49]. It was observed that the NDSI 
values remain stable with slope and aspect variations 
[50, 51]. The NDSI, therefore, is suitable for the snow 
cover mapping. The results suggest the capability of 
NDSI based approach is to discern snow and non-snow 
regions under the mountain shadow, a very common 
problem during the winter period in the seasonal 
snow cover mapping. In addition, it is also established 
that there is a wide contrast between the NDSI values 
of snow and clouds and they can, therefore, be easily 
discriminated on a NDSI image. The present study 
is able to demonstrate the usefulness of the NDSI to 
establish a snow cover monitoring method as it is able 
to generate simultaneous outputs in the green and 
SWIR bands [52]. NDSI values are greater than 0.9 for 
all snow types, while the NDSI is less than zero for 
all other targets, except water. Due to higher spatial 
resolution, Landsat-8 and Sentinel-2 optical images 

provides good results for the smaller areas. For the 
extraction of snow features from optical data, snow 
has different reflectance than other objects in these 
snow-clad regions. In  the NDSI results corroborated 
the 0.4 as threshold, most commonly used as ideal for 
mapping snow. In the applications of cryohydrology, 
such as long-term and short-term runoff forecasts, the 
optimum information was ensured by the mixture of 
a passive sensor for the mapping of dry snow, water 
equivalent and snowmelt onset and active sensors for 
the mapping of wet snow with high areal resolution 
[53, 54]. The accuracy assessment of Sentinel-2 optical 
image supervised classification was compared and 
it was computed to be 94.75 percent. The Landsat-8 
image illustrated a snow and ice accuracy was found 
at 82.54%. Comparatively, temporal changes of 2019 
to 2020 pertaining to snow and ice indicate a small 
decrease in the snow cover area with peaks during the 
months of December-January.
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