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Abstract
Snow cover is of significant importance to freshwater supplies and influences the hydrology of different altitudes in moun-
tainous regions. The monitoring of snow cover over the Mediterranean region of Turkey is of high priority due to its rapid 
irregularities experienced during the past decades. These irregularities in snow cover might especially lead to severe risks 
for the local ecosystems, such as rivers, and irrigated agriculture. Water-Resistant Snow Index (WSI) is a new and powerful 
spectral index for mapping snow cover using Moderate Resolution Imaging Spectroradiometer (MODIS) data. There still 
exists a large knowledge gap about how to improve the finer resolution applications of WSI. This study aimed to explore 
the applicability of WSI using Landsat TM and OLI images with a better spatial resolution to a complex catchment in the 
eastern Mediterranean region of Turkey. The WSI maps derived from both MODIS/Terra-MOD09A1 and Landsat images 
from 2005 to 2018 were compared with the high-resolution Sentinel-2A data. The comparative analysis of the MODIS and 
Landsat WSI maps for the snowy areas was also presented with error distribution patterns. The baseline snow cover led to 
the coefficient of determination values of 0.77 with the MODIS data and 0.78 with the Landsat data. The results indicated 
that Landsat images offered a suitable spatial resolution for the snow cover mapping using the WSI approach in regional 
studies. A finer resolution mapping of snow cover with the Landsat data can provide essential insights into the spatiotemporal 
dynamics at the local and regional scales.

1 Introduction

Snow cover plays a vital role in runoff and groundwater 
recharge patterns in mountainous regions (Akyürek and 
Şorman 2002; Jain et al. 2008). Variations in the cryosphere 
and climatic changes are most likely to exert significant 
effects on the regional distribution of snow cover. Accurate 
mapping of the snow cover dynamics can provide strategical 
insights into local and regional water management practices. 
In particular, monitoring of the snow cover in the Medi-
terranean region of Turkey is of high priority due to rapid 

irregularities experienced in snow cover during the past dec-
ades. These irregularities may lead to the degradation and 
destruction of local hotspot ecosystems, such as rivers, and 
irrigated agriculture, thus, regional food insecurity.

Snow cover measurements are mostly done manually 
(Pirazzini et al. 2016). These measurements are extremely 
labor intensive, expensive, and dangerous under the complex 
topographical conditions. The use of telemetering of snow 
pillow and storage gauge measurements of precipitation has 
contributed to reducing the need for field campaigns. Still, it 
has not overcome the issue of the point-based measurements 
(Grossi et al. 2017). Uncertainties associated with the inter-
polation applications may cause an inaccurate representa-
tion of the snow potential of a given watershed (Grossi et al. 
2017). Stewart (2009) detected that a warmer temperature 
affected snowpack at mid-elevations and resulted in an ear-
lier meltdown. Hall et al. (2015) found that the increases in 
night air temperature during spring and summer led to earlier 
melting based on Landsat and MODIS data (1972–2013).

Remote sensing plays a crucial role in snow manage-
ment by allowing for the ability to quantify the snow cover 
distribution in inaccessible areas  (Haefner et al. 1997). 
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Monitoring of snow cover in such regions is one of the 
crucial aspects of sustainable water management, where 
changes in the regional snow cover are required. Utiliz-
ing multiple end members in spectral mixture analysis 
(Rosenthal and Dozier 1996; Vikhamar and Solberg 2003; 
Salomonson and Appel 2004; Painter et al. 2009; Shreve 
et al. 2009) with a combination of multiple spectral bands is 
the most common remote sensing technique used to extract 
snow cover (Crane and Anderson 1984; Dozier 1989). Dietz 
et al. (2012) provided a detailed review of the remote sens-
ing techniques for snow cover. They reviewed the discrete 
methods for the identification of snow cover with optical 
sensors. They found out the threshold value of Normalized 
Difference Snow Index (NDSI) > 0.4 was used to indicate 
snow coverage to map snow extent automatically with NDSI. 
This value has been suggested by Hall et al. (1995) after 
extensive analyses, and Klein and Barnett (2003) proved that 
an NDSI value > 0.4 indicates snow-covered surfaces. The 
NDSI threshold can be decreased to prevent underestimation 
because forests tend to mask out the snow-covered ground. 
Fractional Snow Cover (FSC) is one of the most readily 
identifiable measures derived from aerial photography or 
satellite imagery to secure water resources (Nolin 2011). 
Metsämäki et al. (2018) used FSC data to create maps of 
snow melt-off days and detected a decrease in melt day.

NDSI is produced from the normalized difference 
between green (RG) and shortwave infrared (RS) band 
reflectance to map snow cover, in particular, with the help of 
Moderate Resolution Imaging Spectroradiometer (MODIS) 
data (Hall et al. 2002; Hall and Riggs 2007). The studies 
found that the MODIS binary snow cover products have a 
good fit with both in situ measurements and the satellite-
based snow cover products (Klein and Barnett 2003; Maurer 
et al. 2003; Parajka and Blöschl 2008). Rosenthal and Dozier 
(1996) mapped FSC using a decision tree-based classifica-
tion model based on the Landsat TM data. Pepe et al. (2005) 
explored Envisat, Medium Resolution Imaging Spectrometer 
(MERIS) and Advanced Along Track Scanning Radiometer 
(AATSR) platforms to monitor the snow cover in Alpine 
regions. Sharma et al. (2016) developed a Water-Resistant 
Snow Index (WSI) as one of the cutting-edge approaches in 
the binary snow mapping. WSI includes an efficient algo-
rithm to extract the snow cover. It does not interfere with 
ground objects and water surfaces. WSI exploits a hue, satu-
ration, and value (HSV) color model (Smith 2011), where 
H indicates a perceived color of the spectral property such 
as red, yellow, and green, while V and S show the color and 
gray brightness.

In contrary to the MODIS data (Justice and Townshend 
2002; Sharma et al. 2016), an explicit representation of the 
finer spatial variability of snow cover is essential to make 
an accurate simulation of hydrological conditions. Thus 
far, the researchers have mostly applied snow indices using 

coarser resolution data. Therefore, there is a need to explore 
to detect the snow cover with finer resolution snow indices. 
In so doing, Landsat data, which have a 30-m spatial reso-
lution, may be leveraged to resolve the snow cover patterns 
across complex terrains. Ground truth data from the snow 
stations were used as the validation data to produce reliable 
WSI data (Sharma et al. 2016). For example, Piazzi et al. 
(2019) assessed the potential of the Sentinel-2A products 
to determine the accuracy of the moderate-resolution snow 
cover products. They found close agreement between the 
Sentinel-2A data and ground observations.

In this study, the applicability of WSI using MODIS and 
Landsat TM and OLI images was compared in the quanti-
fication of the snow cover at a complex catchment in the 
Eastern Mediterranean region of Turkey. The efficiency of 
the WSI solely based on multispectral imagery for robust 
detection, extraction, and mapping of snow cover at a 
regional scale was explored. Consecutive processing steps 
were applied to the shortwave infrared and visible Landsat 
spectral wavebands to derive the snow cover clearly with 
the WSI. The outputs comprised stand-alone maps of snow 
cover at watershed scale with no requirement for an external 
water mask.

Fig. 1  Location of Upper-Seyhan Basin and existing snow stations
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2  Materials and methods

2.1  Study area

The Seyhan watershed (18.900 km2) (Fig. 1) selected for 
this study is located in the Eastern Mediterranean region of 
Turkey. The Eastern Mediterranean region is particularly 
vulnerable to potential changes in the snow cover due to 
its complex topography and heterogeneous landscape. It is 
also an important agricultural region (about 10% of the total 
irrigated agricultural production) in Turkey (Donmez and 
Berberoglu 2016). There are seven hydropower reservoirs 
located in the region, which directly affects the seasonal 
flow dynamics. Therefore, the sustainable management of 
its water resources is essential to sustainable agricultural 
production, ecosystem productivity, food security, and bio-
diversity of the region (Donmez et al. 2016).

The snow cover influences seasonal freshwater supplies 
and upstream–downstream linkages in the basin. Approxi-
mately 50% of the Upper Seyhan Basin is covered by snow 
in the winter months where snow melts between March 
and June with the temperature rise (Donmez et al. 2015). 
The snow cover provides a significant source of freshwater, 
which constitutes an important testbed for FSC to estimate 
through the recent remote sensing techniques accurately.

2.2  Data

Six Landsat TM, eight Landsat OLI, six MODIS Terra 
MOD09A1, and one Sentinel-2A cloud-free images were 
obtained in this study. These images were selected to rep-
resent the snow accumulation and ablation periods of the 
region. Table 1 lists the selected images.

Landsat 5 mission has a repeated coverage every 16 days 
in a sun-synchronous orbit and produces 185-km wide 

imagery at a 30-m ground resolution with the Worldwide 
Reference System (WRS). TM sensor scenes have seven 
spectral bands with a spectral range of 0.45–12.50 µm. 
LANDSAT 8 Operational Land Imager (OLI) images con-
sist of nine spectral bands. Panchromatic band (band 8) has 
a 15-m spatial resolution as well as a 170 km north–south by 
183 km east–west scene size. The MODIS/Terra-MOD09A1 
images used in this study were the 8-day gridded level-3 
products at a 500-m spatial resolution. The Landsat TM 
and OLI and MODIS images used in this study were 
derived from the United States Geological Survey (USGS) 
via Global Visualization Viewer (GloVis) free of charge 
(George 2018). The other data utilized in this study included 
the observed snow data and relief information. The relief 
information was derived from a Digital Elevation Model 
(DEM).

The satellite images and snow measurements were used 
as the reference dataset to validate the WSI maps. Two 
Sentinel-2A scenes acquired on 6 April 2018 at 10-m res-
olution were utilized as the testing data in this study due 
to its high temporal and spatial resolutions. These images 
were combined to cover the entire study area. The Sentinel-
2A was successfully launched on 23 June 2015 to support 
generic land cover, land use, and change detection maps. 
In its standard band settings, there are 13 spectral bands 
(0.443–2.190 nm), from the near to the shortwave infrared 
at different spatial resolutions (ESA 2019). Sentinel-2A 
images used in this study were provided by the European 
Space Agency (ESA) within the Copernicus program. The 
snow measurements were obtained from available stations 
operated by State Hydraulic Works of Turkey (DSI). In the 
study region, there were 13 gauging and five snow stations 
in operation. These stations have recorded data irregularly 
from 2005 to 2018. Available ground data were obtained 
daily during 1985–2018 and used in the validation of the 
FSC maps produced in this study.

2.3  Methodology

Consecutive processing steps were required to apply the 
comprehensive comparison of MODIS and Landsat WSI 
outputs. Figure 2 displays the flow diagram of this study.

The first step was data processing, which included the 
geometric and radiometric corrections of the remotely 
sensed images. The relationship between input radiance and 
output digital number (DN) was tested and calibrated using 
a linear combination of the values of the corresponding 
pixels across the stack. After data processing, the MODIS 
and Landsat WSI maps were derived. These maps were then 
validated by incorporating the reference dataset derived from 
both the snow measurements and Sentinel-2A images. The 
potential of the Landsat WSI maps was then evaluated in 
terms of their availability for local studies.

Table 1  List of the selected remotely sensed images used in the study

Sensor Date Path/row

Landsat 5 TM 10 November 2005 175/34–175/36
14 February 2006 175/34–175/36
19 April 2006 175/34–175/36

Landsat 8 LDCM OLI/TIRS 27 November 2017 175/34–175/36
15 February 2018 175/34–175/36
4 April 2018 175/34–175/36

MODIS Terra MOD09A1 9 November 2005
18 February 2006
15 April 2006
25 November 2017
10 February 2018
7 April 2018

Sentinel-2A 6 April 2018
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2.4  Data pre‑processing

A pre-processing step should be done before the image dataset 
can be used. Both Landsat 5 TM and OLI images were con-
verted into the image format, and the bands were stacked for 
each image. They were projected into Universal Transverse 
Mercator (UTM) Zone 36 with World Geodetic System 1984 
(WGS84) datum. Using the DEM data, a subset boundary was 
defined for the Seyhan Watershed, where the images were 
extracted accordingly to reduce the computing load and allow 
the most accurate comparison between the reference points 
and the images. Radiometric calibration was also performed 
for the Landsat images to reduce their noise level.

MODIS images were derived from the USGS in the sinu-
soidal projection system at 500 m. These images were geo-
metrically corrected and projected to the WGS84 ellipsoid 
UTM system. Sentinel-2A images were derived from the ESA 
Copernicus Data Hub at 10 m (ESA 2019). These scenes were 
then combined to cover the study area and recorded to WGS 
84 ellipsoid UTM projection system also. Sentinel-2A images 
were combined to cover the study region and subset to three 
sub-scenes as the testing areas from the different parts of the 
study area.

2.5  Deriving the WSI maps

Deriving the WSI snow maps using the MODIS and Landsat 
images was the core part of this study. Snow has relatively high 
reflectance in the visible part of the spectrum and shortwave 
regions than the other land types, such as water, soil, and veg-
etation (Warren 1982). In this study, the RGB color composites 
[red (RR), green (RG), and near-infrared (RN) reflectances] 
were converted into the color space of HSV for deriving the 

MODIS and Landsat WSI maps. Then, the values (V) and H 
were defined from the HSV data as follows:

Within WSI, it is expected to distinguish a better snow 
cover discrimination from the other objects by differentiat-
ing the brightness (V) and spectral color (H) of the objects 
(Sharma et al. 2016). Discriminating the other objects from 
snow is possible since the snow-covered areas are brighter 
at all the red, green, and near-infrared wavelengths.

At first, value (V), hue (H), and their normalized differ-
ence were calculated. Then the WSI for MODIS was devel-
oped to differentiate snow-covered areas and water bod-
ies from the HSV data. After processing and mapping the 
MODIS WSI, the WSI method was applied to both Landsat 
5 TM and OLI images to derive the WSI maps at a 30-m 
resolution. The difference between V and H was standard-
ized between − 1 and 1 for both MODIS and Landsat data. 
The WSI values were recorded as eight-bit unsigned inte-
gers. Their dynamic range was scaled between 0 and 255 
to facilitate further image processing (Sharma et al. 2016).

2.6  Validation and comparative analysis

Validation is a challenging task but compulsory to provide 
reliable snow cover outputs. In this study, the validation of 
the MODIS and Landsat WSI maps over the study region 
was performed by utilizing the snow measurements and also 
Sentinel-2A images to assess the accuracy of the WSI maps, 
statistically.

Snow depth obtained from the meteorological stations 
was utilized as a reference point closest to each station. 
These pixels were taken into account as the snow cover when 
the observed snow depth exceeded 0.1 cm and as snow free 
otherwise. The location of these snow stations was overlaid 
with the modified WSI maps, and thus, snow cover informa-
tion was extracted.

Due to the limited number of snow observations available 
in some areas of the region, Sentinel-2A data with a 10-m 
spatial resolution were also utilized to enhance the refer-
ence dataset for validation because of its spectral and high 
spatial resolution. Three sub-scenes of Sentinel-2A images 
representing the different parts of the study area were used 
to derive the baseline data of the snow cover. Using Sentinel 
2A subsets, snow cover was classified and recoded as snow 
versus non-snow pixels at a 10-m spatial resolution. One 
hundred fifty points were randomly selected for each sub-
scene. The snow cover information was extracted from the 
Sentinel 2-A classification through these points.

(1)WSI =
V(RRRGRN)

− H(RRRGRN)

V(RRRGRN)
+ H(RRRGRN)

.

Fig. 2  Flow diagram of the study
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A regression was applied to the output maps and testing 
dataset, including snow measurements and Sentinel-2A, to 
examine the performance of Landsat data in the WSI deri-
vation. The cross-validation based on a Nagelkerke regres-
sion (r2

NAG) was employed to the MODIS and Landsat WSI 
data against snow information from both snow stations and 
Sentinel 2-A snow cover. r2

NAG was based on the Cox and 
Snell model (Haigh et al. 1990) using the following equation 
(Nagelkerke 1991):

It compared to the log-likelihood of a baseline model, 
then based on the log-likelihood for the model where n is 
the sample size. r2

NAG varied between 0 and 1, with positive 
values indicating a better correlation between the variables. 
For a comparative analysis, a regression model was applied 
to the MODIS and Landsat WSI maps to plot their pixel-
based error distributions.

3  Results

The study aimed to compare the applicability of WSI with 
Landsat images to explore the potential improvement of its 
spatial variability in quantifying the FSC at a better spatial 
resolution. The applicability of WSI for the snow cover map-
ping was tested using Landsat TM and OLI in a complex 
catchment located in the Eastern Mediterranean region of 
Turkey. The cloud-free images were selected to represent 
the snow accumulation, snowpack, and ablation periods 
for obtaining the distribution of snow cover over the entire 
watershed. Near date images were used for the change detec-
tion analysis. The radiometric correction was also performed 
to make an effective and accurate comparison by preventing 
the spectral mixing in the images. To extract the snow cover 
information, WSI was applied utilizing the near-IR and RGB 
bands of the MODIS and Landsat TM/OLI datasets. RGB 
color composites were constituted and transformed into the 
HSV color model.

To test the reliability of the WSI maps, a validation pro-
cedure was accomplished. Ground measurements derived 
from the 13 available snow stations in the study area were 
incorporated with the WSI maps as well as the Sentinel-2A 
sub-scenes. The WSI maps derived from MODIS and the 
Landsat images showed a good agreement with 0.77 and 
0.78 r2

NAG, respectively, (Nagelkerke regression). The overall 
accuracy r2

NAG indicated close agreement between the WSI 
maps and the ground snow observations.

The accuracy of the spatially distributed WSI maps was 
defined through validation against the reference data. The 
Sentinel-2A test sub-scenes, each covering 150 km2, were 
classified to be used also as the ground truth data. The snow 

(2)r
2
NAG

= 1 − exp
[

2
(

n
−1
)

L(0)
]

= 1 − L(0)
2

n .

classification results were then generalized to estimate the 
snow cover at the MODIS and Landsat-based spatial resolu-
tions using the nearest neighbor technique. RGB formats of 
the Sentinel-2A sub-scenes, and their classified and general-
ized versions are given in Fig. 3.

The coverage of the Sentinel-2A dataset was equal 
to 167,334 Landsat OLI pixels and 943 MODIS Terra 
MOD09A1 pixels. Within these validation periods, both 
WSI maps derived from the MODIS and Landsat sets were 
evaluated using the r2

NAG values on a particular day. The 
overall accuracy r2

NAG of about 0.85 for MODIS and 0.87 
for Landsat pointed to close agreement between the WSI 
maps and the spatially generalized test data derived from 
Sentinel-2A.

The misclassification errors showed that the most remark-
able errors occurred in February, while this was the month 
with the largest snow cover. Also, the errors were smaller in 
winter and when there was a well-developed snowpack in 
autumn. The validated WSI maps derived from the MODIS/
Terra-MOD09A1 and Landsat TM/OLI data are given in 
Figs. 4 and 5, respectively. The DEM data were used to gen-
erate the watershed boundary, and thus, the output images.

Figure 6 shows the validated NDSI maps derived from 
the MODIS/Terra-MOD09A1 set.

The Landsat 5 TM WSI maps in February showed the 
well-developed snowpack covering the whole northern 
region of the watershed. The mean altitude of the snow-
covered areas is 1400 m. In November, snow was presented 
only in the uplands at the highest elevations in 2005 and 
2017. A spectacular snow difference occurred from 2009 
to 2017 in the region for February within a high snowpack 
difference. Also, a decrease in snow occurred in the northern 
areas of the region and partly in the Central Anatolia with 
the terrestrial climate characteristics. In April, an increase in 
the snow was detected slightly more than its decrease when 
snow existed only on the highlands over 1000 m. Table 2 
includes the snow cover derived from the MODIS and Land-
sat WSI maps.

Table 3 presents the calculated snow area from the NDSI 
maps of MODIS images.

Based on both MODIS and Landsat WSI maps, dra-
matic snow changes occurred in the Seyhan watershed 
over 12 years. The most considerable change was observed 
between February 2006 and 2018. The extent of snow cover 
in the study region varied with each term defined in this 
study. During the prediction period of 12 years, a negative 
difference of 700,000 ha was detected for February. These 
results indicated that a seasonal shift occurred; in other 
words, the timing of the accumulation and ablation peri-
ods started to change in the last 12 years. The increased 
snow in April also confirmed this shift and indicated a more 
extended melting season, which ended in the early summer. 
The extended melting season may cause unanticipated loads 
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Fig. 3  RGB formats of the Sentinel-2A sub-scenes and their classified and generalized versions for test areas (1, 2, and 3)
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of water to the downstream areas in the summer seasons in 
the region where the hydropower reservoirs are located. For 
February, a considerable increase in the snow cover was 
detected and compared to the other months for both images. 
Also, April witnessed a total of 66,493 ha gain and 281 ha 
loss. These results showed that adaptation measures for var-
ied snow melting should be taken to ensure better manage-
ment scenarios, particularly for hydropower management, 
efficient irrigation, and flood risks. Overall, the difference 
maps indicated a significant variation in the snow cover. 

These changes indicated a substantial amount of irregularity 
in precipitation, which led to a considerable change in the 
regional snow cover. The trends in the snow cover showed 
irregularities in their spatial distribution. For instance, the 
increase in February mostly occurred in the lowlands close 
to the main settlement areas (e.g., the Adana city). Only 
slight snow decreases were observed in the highlands in win-
ter. The altitudinal ranges of the snow cover were between 
50 and 3700 m approximately. The spring/early summer 
periods also showed slight increases in snow, which might 

Fig. 4  The WSI maps of the 
study region derived from 
MODIS/Terra-MOD09A1
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be an indication for an extension of the ablation period in 
the region. The remarkable differences among the difference 
maps can be referred to as the possible effects of climate 
change on the annual variation in the snow cover.

According to the WSI maps, the change in November 
mostly occurred in the upper watershed. The topographic 
structure of the river basin affects the climate differences 
that might significantly change the snow cover. The low-
lands of the lower part of the watershed faced extensive 

urbanization and agricultural activities, with no signifi-
cant change in these areas. The decrease in February was 
possibly due to the seasonal effect; however, the dramatic 
changes in November needed to be clarified. The compara-
tive analysis of the MODIS and Landsat WSI maps for the 
snowy areas showed the snow cover distribution for the 3 
months of February, April, and November. Figure 7 shows 
the histogram of the snow cover distributions significantly 
differed between the MODIS and Landsat WSI maps.

Fig. 5  The WSI maps of the 
study region derived from 
Landsat TM and OLI data
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The error distribution patterns showed the distribu-
tion of the differences between the predictions and the 
reference data. The MODIS images showed prediction 
errors mostly throughout the snow cover. Compared to 
the Landsat imagery, the MODIS prediction error was 
evenly distributed. Generally, the largest error for the snow 
cover was found in the lower regions of the MODIS WSI 

predictions. The quantity and spatial distribution of snow 
are highly affected by elevation. Figure 8 shows the com-
parative analysis of the MODIS and Landsat WSI in the 
different altitudes.

A strong variability of the snow cover was attributed to 
the weather conditions and the local relief interactions in the 
range of 200–3700 m in the study area. The changes in the 

Fig. 6  The NDSI maps of the 
study region derived from 
MODIS/Terra-MOD09A1 data
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snow cover were investigated, incorporating the DEM and 
snow change images. The regional topographical character-
istics were linked to the snow difference areas to assess the 
changes in the snow cover in the different altitudes. Only the 
snow change pixels were taken into account, and thus, the 
gain/loss values were linked to the elevation pixels. Once 
the snow change pixels with 0 values were removed, the 
elevation versus the snow change pixel values was plotted.

The combination of WSI and DEM enabled the areas 
where the changes in the snow cover started and ended to 
be detected. The highest snow changes were detected in 
November at 3613 m for the entire period. A level of 1615 m 
was identified in February and 2422 m in April as the mean 
elevation of the increased snow in the study area. The snow 
covers in the higher altitudes showed a remarkable increase 
in November. In particular, the increased spatial distribu-
tion of snow as was detected with these months indicated 
a possible shift of the regional climate characteristics from 
the Central Anatolia to the Mediterranean region of Turkey.

4  Conclusions

The snow cover information is crucial for the sustainable 
management of water resources, particularly in the Medi-
terranean regions, where water scarcity is exacerbated by 
climate change. Remote sensing offers the ability to quantify 
the spatiotemporal dynamics of snow in complex terrains 
where such measurements are impossible or very limited for 
the monitoring and mapping of snow cover with finer resolu-
tion. The superiority of WSI over NDSI has been proven in 
many case studies about snow-covered regions. However, 
WSI has only been trained and applied with MODIS data. 
Thus, this study explored the potential improvement of the 
spatial variability of WSI using Landsat images in the quan-
tification of the snow cover fraction at a better spatial reso-
lution in the Eastern Mediterranean region of Turkey. The 
shortwave infrared and visible Landsat spectral wavebands 
used to derive the snow cover clearly showed the enhance-
ment of the NDSI and WSI snow indices. Landsat images 
offered a suitable spatial resolution for the snow cover map-
ping. They produced the snow cover maps with reasonable 
accuracy for the regional studies based on the WSI approach. 
However, the Landsat images still have a remarkable dis-
advantage to monitor the snow changes periodically due to 
their limited cloud-free availability. A significant variation 
in the snow cover was found to exist, which did not fol-
low a linear trend for the different periods. The large differ-
ences among the snow cover maps may relate to the possible 
effects of climate change on the annual snow cover variation. 
There is a need to quantify the impacts of climate change 
on the regional snow dynamics through the integration of 
process-based snow modeling, remote sensing, and in situ 
data. The overall validation accuracy of 77% was obtained 
for both MODIS and Landsat images. Sentinel-2A data with 
the finer resolution were also used in the accuracy assess-
ment of the snow maps. The Landsat data were slightly more 
accurate than MODIS data for the WSI-derived snow cover 
estimations. The WSI also allowed mapping the snow in top-
ographically variable parts of the region where there was an 
inconsistent shadow effect. The DEM integrated WSI maps 
revealed the snow distributions in the different altitudes. 
However, the MODIS data are still more advantageous than 
the Landsat data in the periodical snow monitoring and map-
ping over the large regions owing to their frequent and com-
posite image availability.

Table 2  Snow cover extent information derived from the MODIS and 
Landsat WSI maps

Data range MODIS Landsat

WSI pixels Area (ha) WSI pixels Area (ha)

November 2005 4734 118,350 1,500,371 135,033
February 2006 40,549 1,013,725 11,524,800 1,037,232
April 2006 1303 32,575 569,572 51,261
November 2017 11,463 286,575 1,120,891 100,880
February 2018 13,035 325,875 3,517,757 316,598
April 2018 1274 31,850 454,171 40,875

Table 3  Snow cover extent information derived from the MODIS 
NDSI maps

Data range MODIS

NDSI pixels Area (ha)

November 2005 9587 239,675
February 2006 50,278 1,256,950
April 2006 6742 168,550
November 2017 21,382 534,550
February 2018 34,393 859,825
April 2018 3914 97,850
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Fig. 7  The histogram of the snow cover distribution significantly differed for MODIS and Landsat
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Fig. 7  (continued)
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Fig. 8  Snow cover distribution patterns of the MODIS and Landsat WSI maps at different altitudes
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