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Abstract: This article presents the distribution of seasonal snow cover in the Trans-Himalayan region
of Ladakh over the observation period of 2000–2019. Seasonal snow cover area and duration have
been monitored and mapped based on the MODIS Normalised Difference Snow Index (NDSI).
Using different MODIS cloud removal algorithms, monthly mean cloud-covered areas have been
reduced to 3%. Pixel-wise approaches using Mann–Kendall (MK) and Sen’s slope trend tests allow
to assess seasonal and annual trends of snow cover days (SCD) and snow cover area (SCA) across
seven delineated subregions of Ladakh. Analyses include the impact of topographical parameters
(elevation, slope, aspect). Overall, the mean annual SCA amounts to 42%, varying from 15% in
August to 71% in February. However, large differences of SCA have been detected between and
within subregions. The trend analysis of SCA shows a non-significant, slight increase for summer
as well as for the entire year and a decrease for spring and winter seasons. The SCD trend analysis
indicates more pixels with a significant increase than a decrease. In total, 12% of all pixels show an
increasing trend in summer, 6% over the entire year, 3% in autumn, and 2% in spring and winter,
whereas less than 2% of all pixels show a decreasing trend in all seasons. The results are important
for regional irrigated agricultural production and freshwater supply in the context of climate change.

Keywords: snow cover; terrestrial photography; MODIS; snow cover trends; Ladakh; Trans-
Himalaya; India

1. Introduction

Seasonal snow cover and glaciers are key components of the Himalayan hydrological
cycle, as more than 60% of the annual discharge is supplied by meltwater, with considerable
variation across the region [1–5]. Especially in the cold-arid Trans-Himalayan region of
Ladakh, meltwater supply from the cryosphere is of utmost importance for irrigated
agriculture in spring and summer, when water demand is highest [6,7]. Thus, detailed
information on snow-covered areas is essential for integrated water resource management
and for assessments of regional climate change and associated impacts on meltwater
runoff [8,9]. To address these crucial aspects, mapping and monitoring of spatial and
temporal snow cover dynamics are urgently needed to support cryosphere-dependent
livelihoods [10]. Despite the importance of seasonal snow cover for irrigated land use,
the amount and timing of high-altitude snowfall is largely unknown [11]. Only few
studies have analysed the distribution, duration, and trends of seasonal snow cover on
the Himalayan scale [12–15]. To quantify snow-covered area (SCA) and snow cover days
(SCD) at the regional scale across High-Mountain Asia [2,3,16–20], different snow products
of Moderate-Resolution Imaging Spectroradiometer (MODIS) have been used, including
the 8-day global-gridded product with a spatial resolution of 0.05◦ [13] or daily snow
products with a spatial resolution of 500 m [12,14,20,21]. However, enormous interregional
differences and large variabilities make it difficult to assess snow cover distribution and
trends for the entire Himalayan region [12,13]. Therefore, detailed studies are required
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for an improved understanding of snow cover distribution and related changes. On the
regional scale, the snow cover pattern is influenced by elevation and other topographical
parameters such as aspect and slope [22,23]. Only few studies consider these topographic
controls on snow cover distribution in the Himalayas [3,21,24]. For the Trans-Himalayan
region of Ladakh, seasonal snow cover dynamics and their changes are largely unknown
as long-term snow observations are only available for the meteorological station in Leh
(Figure 1). Using climatological reanalysis data, the spatial distribution of solid and liquid
precipitation can be assessed without considering the impact of topography [25].
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Figure 1. The Trans-Himalayan region of Ladakh, sandwiched between the Greater Himalayas, the
Karakoram, and the Tibetan plateau. Place names follow the spelling in Ladakhi language [26], e.g.,
Zangskar (Zanskar), Tshomoriri (Tso Moriri), and Siachan (Siachen).

Against the background of these knowledge gaps, this article provides an analysis of
snow cover distribution and duration in Ladakh using daily MODIS snow product data for
the period of 2000–2019. The spatio-temporal patterns and trends of snow-covered area
(SCA) and snow cover days (SCD) have been investigated in seven delineated subregions,
based on watersheds and mountain ranges. Furthermore, the impact of topography (ele-



Geosciences 2022, 12, 311 3 of 22

vation, slope, and aspect) on the SCA has been analysed to detect and quantify trends in
individual subregions.

Ladakh is located in the rain shadow of the Karakoram to the north and the Greater
Himalaya to the south. Due to the cold-arid conditions along the western edge of the Tibetan
plateau, only small high-altitude glaciers exist along the Central Ladakh Range and on the
Changthang Plateau [27–30], whereas large valley glaciers exist in the Karakoram [31,32]
and along the Greater Himalayan Range [33]. In the winters, large aufeis fields occur along
the tributaries of the Upper Indus Basin (UIB) and in the endorheic basins of Tshomoriri
and Pangong as a temporary cryosphere component [34].

The elevation ranges from 2540 m a.s.l. in the lower Indus Valley near Kargil in
western Ladakh to 7742 m a.s.l. on the Saltoro Ridge in the north (Figure 1). The mean
elevation of Ladakh amounts to 4875 m a.s.l., increasing from the west to the east (Figure 2,
Table 1); thus, the subregion Suru has the lowest and Pangong the highest mean elevation.
Temperatures vary between more than 30 ◦C in the lower Indus valley during summer
to less than −40 ◦C during winter in Drass of the Suru region. The region receives low
precipitation, which decreases from the west to the east from about 600 mm to less than 100
mm in the Indus valley and in the Changthang region [25,35].
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Table 1. Spatial distribution of elevation, slope, and aspect in the seven subregions of Ladakh.

Siachan
(Siachen)

Shayok
(Shyok)

Pangong Indus Suru Zangskar
(Zanskar)

Tshomoriri
(Tso Moriri)

km2 % km2 % km2 % km2 % km2 % km2 % km2 %

Elevation (m a.s.l.)
<3500 263 3 512 5 - - 1067 6 740 11 157 1 - -

3500–4500 845 8 1808 17 546 21 5476 32 2946 42 3365 23 132 4
4500–5500 4898 47 5638 53 1383 54 8297 48 3122 45 9872 67 2441 73
5500–6500 4333 41 2622 25 614 24 2293 13 148 2 1298 9 749 23

>6500 115 1 1 0 - - 1 0 4 0 0 0 1 0



Geosciences 2022, 12, 311 4 of 22

Table 1. Cont.

Siachan
(Siachen)

Shayok
(Shyok)

Pangong Indus Suru Zangskar
(Zanskar)

Tshomoriri
(Tso Moriri)

km2 % km2 % km2 % km2 % km2 % km2 % km2 %

Slope (◦)
<10 3216 31 2202 21 1090 43 5618 33 1118 16 3122 21 1633 49

10–20 3346 32 3975 38 1060 42 7616 44 2692 39 6075 41 1377 41
20–30 2595 25 3419 32 370 15 3565 21 2468 36 4575 31 303 9
30–40 1176 11 929 9 23 1 333 2 600 9 886 6 10 0
>40 119 1 54 1 - - 2 0 37 1 34 0 - -

Aspect
N 1232 12 1285 12 231 9 2076 12 959 14 1593 11 320 10

NE 1560 15 1473 14 445 17 2566 15 865 13 2177 15 427 13
E 1348 13 1556 15 369 14 2217 13 865 13 2048 14 445 13

SE 1247 12 1188 11 295 12 1942 11 785 11 1639 11 328 10
S 1410 13 1112 11 224 9 1890 11 799 12 1533 10 371 11

SW 1490 14 1260 12 333 13 2374 14 820 12 1971 13 490 15
W 1134 11 1385 13 299 12 2240 13 877 13 1993 14 463 14

NW 1034 10 1316 12 236 9 1834 11 945 14 1739 12 381 11

2. Materials and Methods
2.1. Materials

Daily snow cover maps from MOD10A1 (MODIS Terra) and MYD10A1 (MODIS Aqua)
with a resolution of 500 m were used to investigate the temporal and spatial distribution of
seasonal SCA and SCD between October 2000 and September 2019. For the period from
October 2000 to December 2016, binary snow cover data of MODIS Collection 5 were used,
which are based on a global Normalised Difference Snow Index (NDSI) threshold of 0.4 [36].
For the period from January 2017 to September 2019, NDSI data from MODIS Collection 6
were used, as binary snow cover data are no longer available. These data were downloaded
from the NASA Distributed Active Archive Center (DAAC), hosted by the National Snow
and Ice Data Center (NSIDC) (https://nsidc.org; accessed on 22 November 2019). To
validate the MODIS NDSI threshold, Landsat-8 OLI data (downloaded from https://
earthexplorer.usgs.gov; accessed on 10 January 2020) and oblique terrestrial photographs
from two permanently installed cameras mounted in the Leh valley between 3660 and
4900 m a.s.l. were used (Figure 3).

To analyse the impact of topographical parameters (elevation, slope, and aspect)
on snow cover distribution, a void-filled Shuttle Radar Topography Mission Digital El-
evation Model (SRTM-DEM) (https://earthexplorer.usgs.gov; accessed on 1 July 2019)
was resampled to 500 m. To consider the spatial differentiation of climatic and topo-
graphical conditions, the study area was separated into seven subregions based on wa-
tersheds and mountain ranges: Siachan (Siachen), Shayok (Shyok), Pangong, Indus, Suru,
Zangskar (Zanskar), and Tshomoriri (Tso Moriri) (Figure 2). DEMs with high spatial resolu-
tion (High-Mountain Asia (HMA) DEM [37] (retrieved from https://nsidc.org; accessed
on 15 August 2020) and TanDEM-X 12 m data (retrieved on special request by German
Aerospace Center (DLR)) were used to geo-reference terrestrial photographs, calculate
viewsheds, and to delineate snow lines at the local scale using the Monoplotting Tool (MPT
2.0, Monoplotting Tool—WSL) as an additional ground truthing method (Figure 3).

2.2. Methods

To map and analyse SCD and SCA, daily cloud-free MODIS snow maps have been
generated. Based on these data, monthly, seasonal, and annual composites have been
calculated for the analysis of spatial and temporal distribution of SCA and the impact
of topography on it. In a second step, trend analyses have been carried out for the SCA
and SCD.

https://nsidc.org
https://earthexplorer.usgs.gov
https://earthexplorer.usgs.gov
https://earthexplorer.usgs.gov
https://nsidc.org
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Figure 3. Locations and viewsheds of four terrestrial cameras. Gyamtsa (red) and Lungmar (orange)
were used for MODIS validation in the present study.

2.2.1. NDSI Threshold Value Calibration

The binary data of global MODIS snow cover products were calculated based on the
NDSI (Equation (1)) with a threshold of 0.4, for pixels with the visible reflectance (near
infrared (NIR): Band 2) greater than 0.11 and Band 4 (green) reflectance greater than 0.10 [36].
In collection 5, the NDSI is calculated for MODIS Terra using green (Band 4) and shortwave
infrared 1 (SWIR 1: Band 6), and for MODIS Aqua using green and SWIR 2 (Band 7) due to
non-functional detectors. In collection 6, the quantitative image restoration (QIR) algorithm
enables the usages of SWIR 1 for both Terra and Aqua with a higher accuracy compared
to the usage of SWIR 2 [38]. Thus, for both MODIS Terra and Aqua, the NDSI can be
calculated with the same band combinations (Equation (1)):

NDSI = (Green − SWIR 1)/(Green + SWIR 1) (1)

The comparison of MODIS snow products collection 5 and 6 using different NDSI
threshold schemes showed no significant differences and had identical accuracies [39].
Several studies, e.g., [12,40,41], applied the global reference NDSI threshold of 0.4 for the
Himalaya and the Zangskar region [42], whereas in other studies a much lower threshold
of 0.01 or 0.2 was suggested [39,43]. To enable statistical trend analyses, the same global
reference NDSI threshold of 0.4, applied in the binary data of collection 5, was also used for
collection 6.
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To validate the NDSI threshold, two cloud-free Landsat-8 OLI tiles (path 147/row
36–37) from four seasons were used for ground truthing [44–47]. Pixels were classified
as snow-covered if the NDSI was greater than or equal to 0.40 and the NIR was greater
than 0.11 [44,48–50]. The snow cover data were resampled to 500 m to match the spatial
resolution of MODIS.

An accuracy assessment was carried out using Cohen’s kappa coefficient (κ) method
on a range of different MODIS NDSI threshold value images. The highest κ for each MODIS
threshold value image was regarded to feature the appropriate NDSI threshold value, since
κ represents the level of agreement between two datasets, considering the possibility of the
agreement occurring by chance [51]. The formula is presented in Equation (2):

κ =
po − pe

1− pe
(2)

where po is the relative observed agreement among rates and pe is the hypothetical proba-
bility of chance agreement.

The validation shows that the NDSI threshold varies between the seasons. In winter
and spring, the NDSI predominantly exceeds the reference threshold value of 0.4, whereas
in summer and autumn, the threshold is lower. However, the used NDSI threshold of 0.4,
which also represents the global NDSI threshold, shows an overall accuracy of 87.20%.

In a second approach, Landsat-8 OLI and MODIS snow cover maps were compared to
the monoplotted terrestrial images taken on the same date.

The results fit well with the terrestrial photos. Comparison amongst the coarse MODIS,
high Landsat, and very high terrestrial photos shows that the resolution of pixels plays a
huge role in detecting shallow and fragmented snow trace in the transition zone. MODIS
underestimates the snow-covered area where a pixel is less than 50% snow-covered, and
overestimates where a pixel is more than 50% snow-covered [52]. For example, ephemeral
shallow and fragment snow pixels in the near range of the Lungmar camera are not
registered by MODIS (Figure 4i), but are detected by Landsat (Figure 4h), and the permanent
SCA is overestimated by MODIS where a pixel is more than 50% snow-covered (Figure 4l),
compared to Landsat (Figure 4k). A slight underestimation of the snow cover can be
assumed due to the shallow occurrence and patchy distribution of snow in the study area.

2.2.2. Methods Applied for MODIS Cloud Removal

Trend analyses of seasonal snow cover require high temporal resolution data. As
in optical satellite data, clouds obscure the view on the ground, several approaches
have been developed to reduce the degree of cloud-covered pixels in daily MODIS snow
products [14,46,53–55]. Despite the cold-arid conditions of Ladakh, the mean cloud cov-
erage amounts to 49.54% (Terra) and 55.36% (Aqua), varying from 11.80% (Terra) and
17.19% (Aqua) in October 2017 to 87.86% (Terra) and 90.29% (Aqua) in January 2008. There-
fore, all daily MODIS snow products were processed to reduce the cloud pixels (Figure 5).

In the first step, pixel values of Terra and Aqua snow products in collection 5 were
reclassified into three categories as snow (original snow and lake ice), land (no snow
and lake classes), and clouds (all other missing/unusable classes). For collection 6, the
NDSI was used to delineate between snow and land pixels. The ratios of land, snow, and
cloud cover indicate the proportions of land, snow, and cloud-covered areas, respectively
(Equation (3)):

RC =
AC
A
× 100% =

PX

P
× 100% (3)

where RC is the ratio of land, snow, or cloud cover, AC is the area of land, snow, or cloud
cover, A is the total area of the study area, PX is the number of land, snow, or cloud pixels,
and P is the total number of pixels of the entire study area.
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Figure 4. Terrestrial photograph taken from Gyamtsa on 23 January 2017 (a), overlaid with snow
polylines (red lines) and control points (red crosses) derived from Landsat-8 OLI image (b) and
MODIS (c). Gyamtsa camera view shed in red colour (d). Landsat-8 OLI (e) and MODIS snow shown
in cyan (f). Terrestrial photograph taken from Lungmar on 21 January 2016 (g), overlaid with snow
polylines (red lines) derived from Landsat-8 OLI (h) and MODIS (i). Lungmar view shed in orange
colour (j). Landsat-8 OLI (k) and MODIS snow (l).

The combination of Terra and Aqua data takes advantage of the three-hour interval
time between two observations. The cloud movement enables to reduce cloud-covered
pixels under the assumption that snow conditions remain essentially constant within three
hours. If a pixel is classified as cloud on one image but is reliably classified as land or
snow cover on the other, then the cloud-covered pixel is reclassified appropriately [53,55]
(Equation (4)):

P(x,y,t) = max
(

PT
(x,y,t), PA

(x,y,t)

)
(4)

where x is the latitude, y is the longitude, and t is a temporal (day) pixel, P. PT and PA

represent pixels from Terra and Aqua, respectively.
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In the second step, a temporal combination was conducted which combines the
preceding and succeeding day with the actual day of observation. Cloud-covered pixels
are replaced either by snow or land pixels under the assumption of unchanged surface
conditions within three days [46,55–57]. The formula is presented in Equation (5):

P(x,y,t) = 1, if
(

P(x,y,t−1) = 1 and P(x,y,t+1) = 1
)

(5)

where x is the latitude, y is the longitude, and t is a temporal (day) pixel, P. t− 1 and t + 1
represent the preceding and succeeding days, respectively, where 1 corresponds to snow
cover and 0 for land cover.

The criterion of discarding images with more than 70% cloud pixels was applied before
the third step to improve the results [58]. In total, 183 images were discarded over the
entire observation period from October 2000 to September 2019. This approach contained
an intermediate spatial step delineating the Regional Snow Line Elevation (RSLE) and the
Regional Land Line Elevation (RLLE) by using the average (arithmetic mean) elevation
derived from the SRTM DEM of all snow or land pixels of a single dataset [46,54,56,58–60]
(Equations (6) and (7)):

RSLE =
1
n

n

∑
i=1

(
PS
(x,y,z)

)
i

(6)

RLLE =
1
n

n

∑
i=1

(
PL
(x,y,z)

)
i

(7)

where x is the latitude, y is the longitude, and z is the elevation of each snow pixel, PS, or
land pixel, PL, in the list of elevations being averaged, and n is the total number of snow or
land pixels.

Finally, cloud pixels were reclassified to land if their elevation value was below the
mean RLLE, and to snow if their elevation value was above the mean RSLE (Figure 6). The
remaining cloud pixels located in the transition zone between the RSLE and RLLE were
assigned as mixed pixels (patches of snow and land) and not included in the analysis. The



Geosciences 2022, 12, 311 9 of 22

result of this approach is a completely cloud-free spatio-temporal combination of MODIS
data. The formula is presented in Equation (8):

PC
(x,y,z) =


PS
(x,y,z) i f (PC

(x,y,z) > RSLE)
PL
(x,y,z) i f (PC

(x,y,z) > RLLE)

PM
(x,y,z) i f

(
PC
(x,y,z)

〈
RSLE and PC

(x,y,z)

〉
RLLE

) (8)

where x is the latitude, y is the longitude, and z is the elevation value of a cloud (PC), snow
(PS), land (PL), or mixed pixel (PL).
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temporal combination of MODIS image of 16 January 2017 after cloud reduction step 3. Cloud-cov-
ered pixels below RLLE (4433 m a.s.l.; black dashed line) are classified as land, between RSLE and 
RLLE (4919 m a.s.l.; red dashed line) as mixed pixels (yellow), and above RSLE as snow. 

The first cloud reduction step (Figure 7), based on the combination of Terra and Aqua 
MODIS products, reduced the monthly mean cloud cover to 41%. The temporal combina-

Figure 6. Number of land (green), snow (cyan), or cloud-covered (grey) pixels in relation to elevation
(left) on a free temporal combination MODIS raster image on 16 January 2017. (Right): Spatio-
temporal combination of MODIS image of 16 January 2017 after cloud reduction step 3. Cloud-
covered pixels below RLLE (4433 m a.s.l.; black dashed line) are classified as land, between RSLE and
RLLE (4919 m a.s.l.; red dashed line) as mixed pixels (yellow), and above RSLE as snow.

The first cloud reduction step (Figure 7), based on the combination of Terra and
Aqua MODIS products, reduced the monthly mean cloud cover to 41%. The temporal
combination approach decreased the cloud cover to 17%. With the final spatio-temporal
combination, the remaining cloud pixels located between the RSLE and RLLE amounted to
3% on average (maximum 18%) and were classified as mixed pixels.

2.2.3. Snow Trend and Correlation Analysis

The monthly, seasonal, and annual mean MODIS SCA and SCD were calculated for
the entire region of Ladakh and the seven subregions. To identify trends in time series, the
Mann–Kendall (MK) [61,62] and Sen’s slope trend tests were applied [63]. The MK test is
applied to identify whether there is a trend in the time series with statical significance at
the confidence interval of 90% (P < 0.1), 95 % (p < 0.05) and 99.9% (p < 0.01). If a trend
exists, the magnitude can be determined by the non-parametric Sen’s slope estimator,
which is a robust method against outliers to estimate the slope of the trend. The trends
were calculated for months, seasons, and hydrological years from 2000 to 2019. The values
of the trend test and magnitude of trends are shown by Kendall’s tau (τ) coefficient and
Sen’s slope (S). The seasons were categorized as autumn (September–November), winter
(December–February), spring (March–May), and summer (June–August), and as the entire
hydrological year (October–September).

A detailed study was conducted to analyse the spatio-temporal pattern and the impact
of topographical parameters (elevation, aspect, and slope) on the SCA and its trends using
the modified MK test with a two-variance correction approach [64,65]. A Sen’s slope trend
test and a linear regression model were calculated to detect and quantify the magnitude of
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trends across all subregions over 19 hydrological years (significance levels: p-values < 0.1,
<0.05, and <0.01).
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Figure 7. Monthly mean percentage of the cloud-covered pixels of MODIS daily snow product data
featuring the reduction of cloud coverage (black line) and overall mean percentages (blue line) in
three cloud reduction steps.

3. Results

Snow accumulation starts in September and lasts until February, when the maximum
SCA of the entire area of Ladakh reaches 71%, with the exceptions of subregions Zangskar
and Suru, where the maximum SCA is delayed until March (Figure 8, Table A2). An
average of 61% of the study area is snow-covered during winter, varying from 49% in
the snow-scarce winter of 2002/03 to 73% in the snowy winter of 2008/09. Three more
snow-scarce winters occurred in 2000/01, 2011/12, and 2017/18, with a SCA of about 50%.
In the year 2017/18, the SCA appeared to be significantly below average until summer.
While the snow-scarce winter of 2002/03 was detectable in all subregions, the reduced
snow cover during the winter of 2011/12 could only be identified in the two northern
subregions of Siachan and Shayok, as well as in the south-eastern subregion of Zangskar. In
winter of 2017/18, the reduction in snow cover could be detected in all subregions except
Suru and Zangskar.
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In general, the winter SCA is generally characterized by high interannual variability,
ranging from 28% to 72% in December and from 39% to 80% in January, while the SCA
seems to be more stable in February, varying between 52% and 83%. About 10% of the
entire study area is almost completely snow-free during winter (SCD less than 10 days in
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winter), and these areas are located along the large valley bottoms of the Indus, Nubra,
and Shayok rivers, as well as in the Changthang area of eastern Ladakh. Only minor
differences can be detected between the SCA in winter and spring, when 46% of the region
that is snow-covered in February is still snow-covered in March (Figure 9, top). Snow
melt generally starts in April (Figure 8) and continues until August, when only 13% of the
region is snow- or ice-covered. These permanently snow-covered areas are mainly located
in the subregion of Siachan and along the Greater Himalayan range, the southern boundary
of the study area (Figure 9, top). Depending on the SCA, the mean RSLE ascends from
4813 m a.s.l. in February to 5097 m a.s.l. in April, and to a maximum of 5560 m a.s.l. in
August (Table A1).
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Figure 9. Pixel-wise analysis of snow cover days (SCD) for the entire study area of Ladakh over
the period of 2000–2019. Mean seasonal and annual SCD (top), seasonal and annual trends of
SCD (a) autumn: September–November, (b) winter: December–February, (c) spring: March–May,
(d) summer: June–August, and (e) annual (hydrological year: October–September) (centre). SCD
trends with significance level p < 0.1, yellow colour symbolizes no significant trend, red negative,
and blue colour positive trends (bottom).

On the regional scale, the maximum winter SCAs with 79% and 75% can be detected in
the subregions of Siachan and Suru, respectively, and the minimum in the Indus subregion,
amounting to 41%. While in the Siachan subregion only minor interannual variations of
the winter SCA can be identified, ranging between 70% and 85%, the largest differences
can be identified for the Tshomoriri subregion, ranging between 34% and 78%. In most
subregions, the snow melt starts in April, while in the two northern subregions, a delay of
one month can be observed. The minimum SCA in summer amounts to less than 15% in all
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subregions, with the exception of Siachan, where the SCA amounts to 42% and is larger
than the mean winter SCA in the subregions of Indus and Pangong.

The SCA increases with elevation, where areas above 6500 m a.s.l. remain almost
completely snow-covered throughout the year (Figure 10). In the subregions Siachan and
Suru, more than 80% of the elevation zone of 5500–6500 m a.s.l. is snow-covered, with only
slight seasonal variations, whereas in all other subregions, a characteristic seasonality of
SCA can be observed ranging from 29% in summer to 70% in winter for the example of
the Indus subregion. For the elevation zones of 4500–5500 m a.s.l. and below 4500 m a.s.l.,
this seasonality can be detected in all subregions where the SCA varies between 15% in
summer and 64% in winter. Only in the Pangong subregion is this seasonality alleviated
as the SCA in winter is less than 40%. Below the elevation zone of 3500–4500 m a.s.l., the
winter snow covers less than 20% in the four northern subregions, while it reaches up to
60% in Suru and 40% in Zangskar.

Geosciences 2022, 12, x FOR PEER REVIEW 13 of 23 
 

 

winter snow covers less than 20% in the four northern subregions, while it reaches up to 
60% in Suru and 40% in Zangskar. 

 
Figure 10. Seasonal and annual MODIS SCA and trends in relation to elevation zones of all subre-
gions of Ladakh for the observation period of 2000–2019. p-value significance levels are shown in 
red (p < 0.01), blue (p < 0.05), and green (p < 0.1) triangles (see also Table A2). 

Aspect is another striking feature of snow cover distribution (Figure 11). South- and 
southwest-facing slopes are less snow-covered than all other slopes, except in the subre-
gion of Siachan, where a shift to southwest- and west-facing slopes can be observed. In 
the subregions of Suru, Siachan, and Zangskar, the negative deviation is most prominent 
in autumn. In contrast, north- and northwest-facing slopes show the highest positive de-
viation in almost all subregions, except for Shayok, where west- and northwest-facing 
slopes, and for Tshomoriri, where north- and northeast-facing slopes have the largest 
SCA. In contrast to elevation and aspect, SCA does not show large differences between 
individual slope classes, except for the Shayok region, where a decrease of SCA with the 
increasing slope angle can be detected (Figure 12). 

Figure 10. Seasonal and annual MODIS SCA and trends in relation to elevation zones of all subregions
of Ladakh for the observation period of 2000–2019. p-value significance levels are shown in red
(p < 0.01), blue (p < 0.05), and green (p < 0.1) triangles (see also Table A2).
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Aspect is another striking feature of snow cover distribution (Figure 11). South- and
southwest-facing slopes are less snow-covered than all other slopes, except in the subregion
of Siachan, where a shift to southwest- and west-facing slopes can be observed. In the
subregions of Suru, Siachan, and Zangskar, the negative deviation is most prominent
in autumn. In contrast, north- and northwest-facing slopes show the highest positive
deviation in almost all subregions, except for Shayok, where west- and northwest-facing
slopes, and for Tshomoriri, where north- and northeast-facing slopes have the largest SCA.
In contrast to elevation and aspect, SCA does not show large differences between individual
slope classes, except for the Shayok region, where a decrease of SCA with the increasing
slope angle can be detected (Figure 12).
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The trend analysis of the SCA for the entire study area shows no significant trends.
However, a slight increase of the annual and summer SCA (0.08 and 0.2% year−1) can be
detected, while in winter and spring, a slight decrease can be identified (Table 2). The
separated trend analysis of SCA on the regional scale shows slight, significant, increasing
trends in the subregions of Suru (0.52% year−1) and Zangskar (0.36% year−1), while in the
subregions of Siachan, Shayok, and Indus, a slight (non-significant) negative trend of SCA
can be observed in spring. In general, the SCA trends show a non-significant heterogeneous
pattern (Table A2).

In accordance with the SCA trend analysis, the pixel-wise analysis of SCD reveals
a longer duration of snow coverage. However, only 6% of all pixels show a significant
increasing trend and 2% of all pixels show a significant decreasing trend for the entire study
area of Ladakh. Most pixels with a significant increasing trend in summer are located in the
subregions of Suru and Zangskar, with 36% and 18% of all pixels, respectively. In general,
this positive trend is also reflected by the trend analysis of the RSLE showing a downward
shift for the entire region, which is significant for the months of June and July (−5.2 and
−5.6 m year−1, respectively).

Most pixels with a decreasing trend are located in the eastern parts of Ladakh and
more often in winter than in summer; for example, in the Pangong subregion, 5% show a
decreasing trend in winter and only 1% in summer. In contrast, in the subregion of Siachan,
most pixels with a negative trend are from summer (4%) (Figure 9, Table 3). This general
negative trend of snow coverage in winter is also reflected in the RSLE, which shows an
upward shift for the months of December and January.
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Table 2. Annual and seasonal Mann–Kendall test statistics of the mean SCA (%) in the study area of
Ladakh from 2000 to 2019.

Linear Slope Sen’s Slope Z-Value p-Value Trend Mean SD

Annual 0.09 0.08 0.56 0.58 N 41.85 4.32
Autumn 0.12 −0.01 0 1.00 H 28.93 6.50
Winter 0.03 −0.10 −0.21 0.83 H 61.17 6.49
Spring −0.01 −0.07 −0.28 0.78 H 57.53 6.33

Summer 0.22 0.20 0.98 0.33 N 19.90 3.95

SD: Standard deviation, N: positive trend, H: negative trend.

The trend analysis of the SCA in relation to elevation shows a heterogeneous pattern.
Slight decreasing trends can be detected above 5500 m a.s.l. in almost all subregions and
are mostly significant above 6500 m a.s.l. In the elevation zone of 4500–5500 m a.s.l., an
increasing trend of SCA can be observed in almost all subregions, which is highest in the
southern subregions of Suru and Zangskar. In the north-eastern subregion of Pangong,
a significant increasing trend of SCA can be identified for elevations below 4500 m a.s.l.
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in autumn and summer (Figure 11). In all subregions except Zangskar and Tshomoriri,
a significant increasing trend can be detected for the elevation zone of 3500–4500 m a.s.l.
(Table A3) for the months of June and July.

Table 3. Increasing and decreasing trend of SCD in the study area of Ladakh from 2000 to 2019.

Increasing Trend (Sen’s Slope > 0)

All p < 0.01 p < 0.05 p < 0.1
km2 % km2 % km2 % km2 %

Autumn 23,538.50 35.83 126.00 0.19 710.00 1.08 1571.00 2.39
Winter 21,587.75 32.86 103.75 0.16 559.50 0.85 1280.75 1.95
Spring 25,163.25 38.31 205.75 0.31 1011.00 1.54 1993.00 3.03

Summer 24,815.00 37.78 725.75 1.10 4269.00 6.50 7853.75 11.96
Annual 33,409.50 50.86 346.50 0.53 1934.75 2.95 4149.25 6.32

Decreasing Trend (Sen’s Slope < 0)

All p < 0.01 p < 0.05 p < 0.1
km2 % km2 % km2 % km2 %

Autumn 9907.75 15.08 11.75 0.02 48.75 0.07 136.50 0.21
Winter 20,396.00 31.05 36.50 0.06 399.75 0.61 1027.25 1.56
Spring 12,440.50 18.94 47.75 0.07 365.00 0.56 811.25 1.23

Summer 3777.25 5.75 152.25 0.23 447.00 0.68 731.50 1.11
Annual 11,983.25 18.24 230.50 0.35 743.25 1.13 1220.00 1.86

p: Significance level.

4. Discussion

The present study is based on daily MODIS snow cover data. Using a standardized
global-NDSI threshold of 0.4 for MODIS snow products has shown an overall accuracy
rate of about 87% compared to Landsat data, which is in line with other studies on snow
cover mapping [20,46,55,56,66–68]. However, the dominant occurrence of snow cover in
the Trans-Himalayan region of Ladakh consists of often shallow and fragmented snow
traces and patches. This characteristic type of snow distribution creates difficulties in
monitoring and change detection [66,69]. As small snow patches cannot be mapped with
MODIS data, some studies have used Landsat data with a higher spatial but lower temporal
resolution [70] or terrestrial cameras for continuous monitoring [22,71,72].

Comparing the SCA in Ladakh with adjoining parts of the South Asian Mountain Belt
confirms the transitional position of the Trans-Himalayan region between the Karakoram
and the Western Himalayas (Table 4). The Chandra basin in Himachal Pradesh (minimum
elevation of 2800 m a.s.l.) is characterized by a snow cover of about 60% in August and
of up to 99% in February [24]. In the Astore basin located to the east of the Nanga Parbat
massif (minimum elevation of 1210 m a.s.l.), the SCA varies between 7% and up to 95% [73].
The study area of Ladakh is characterized by smaller differences in SCA, amounting to 15%
in August and up to 71% in February, and the mean annual SCA of 42% is almost identical
to the situation in the Chenab basin [2]. The average annual SCA value of 42% lies between
average SCA values for the Karakoram range with 52% and the Western Himalayan range
with 30% [12]. In another study [74], the SCA is estimated for the entire Upper Indus Basin
(UIB) with a value of 21%, varying from 14% in the Shayok basin (including the upper
watershed on the Tibetan Plateau) to 58% in the Shigar basin. On the regional scale, a
decreasing SCA from west to east and from south to north is observed, which reflects the
general precipitation gradient [11,75] and the influence of westerlies on solid precipitation
in winter [76]. While the maximum SCA in the Astore basin is reached in January [73], in
most subregions of Ladakh it occurs in February, except of Suru and Zangskar, where the
maximum is not reached until March, which is similar to most parts of the neighbouring
Gilgit Baltistan (March) [18] and Jhelum (February) [77]. Snow accumulation in Ladakh
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starts in September, which is in accordance with observations from Gilgit Baltistan [18] and
almost one month earlier than in the Karakoram, observed by Dharpure et al. [12].

Table 4. Selected studies focusing on snow cover distribution and trends in the high mountain regions
of South Asia.

Region Observation Period SCA and Trends Topics Reference

UIB
(Gilgit Baltistan) 2000–2017

Max: 86% in February/March, Min: 36%
in August
Slight non-significant increasing trend

Elevation zones [18]

Chandra basin
(Himachal Pradesh) 2001–2017 Max: 99% in February, Min: 60%

in August Elevation, slope, aspect [24]

Chenab basin
Satluj basin
Ravi basin
Beas basin
(Himachal Pradesh)

2003–2004

42% mean annual
23% mean annual
33% mean annual
38% mean annual

Elevation, aspect [2]

UIB 2001–2012
Annual SCA: non-significant, slightly
decreasing trend for UIB and all
subbasins, except Gilgit

Elevation, aspect, NAO [74]

Jhelum and Kabul basins 2001–2012
Annual SCA: non-significant, slightly
increasing trend for Jhelum and
Kabul basins

Elevation, aspect, NAO [74]

Astore basin
(Gilgit Baltistan) 2000–2012 Max: 95% in January, Min: 7% in August

stable (tends to slight increase) trend Elevation zones [73]

Karakoram (KK)
Western Himalaya (WH)
Central Himalaya (CH)
Eastern Himalaya (EH)
Karakoram-Himalaya (KH)

2000–2019

52% mean annual
31% mean annual
13% mean annual
10% mean annual
26% mean annual
Non-significant, increasing trend for KK,
WH, CH
Non-significant, decreasing trend for
EH, KH

Meteorological variables [12]

Karakoram
Western Himalaya
Central Himalaya
Eastern Himalaya
Karakoram-Himalaya

2000–2008

52% mean annual
30% mean annual
12% mean annual
11% mean annual
26% mean annual
Non-significant, increasing trend for all
subregions and the entire KH

Meteorological variables [12]

Karakoram
Western Himalaya
Central Himalaya
Eastern Himalaya
Karakoram-Himalaya

2008–2018

52% mean annual
31% mean annual
12% mean annual
10% mean annual
26% mean annual
decreasing trend for all subregions and
the entire KH, which is significant for
WH and KH

Meteorological variables [12]

UIB 2000–2008
negative trend for winter snow cover; no
trend for all other seasons and the
entire year

Elevation zones, runoff [13]

The significant impact of aspect on SCA can be identified by the large differences
between north-facing and south-facing slopes. As north-facing slopes receive less solar
radiation, especially during autumn and winter, snow accumulation starts earlier, and
snow melt commences later in comparison to south-facing slopes. These characteristic
differences are most prominent in subtropical mountains [78].

A comparison of decadal snow cover trend analyses with studies from adjoining
Himalayan regions is difficult, mainly due to differences in the length of the observation
periods. Dharpure et al. have detected a non-significant, slightly increasing trend of
SCA (0.21% year−1) along the entire Himalayan range between 2000 and 2008, which
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reversed to a significant negative trend since 2008 (−0.42% year−1). However, almost
stable conditions have been identified over the entire observation period from 2000 to
2019 (0.00% year−1) [12]. In the same study, non-significant positive trends of SCA have
been observed for the Karakoram and Western Himalayas for 2000–2008, and a significant
negative trend since 2008 [12]. In contrast, other studies have reported non-significant
decreasing trends for the Upper Indus Basin over the periods 2001–2012 [74] and 2000–2008,
respectively, which is significant in winter [13]. No clear trend of SCA can be identified
for Ladakh, however the detected slight but non-significant increase of the annual and
summer SCA can possibly be related to an increase in cloudburst events, as witnessed
during several field visits.

Overall, a comparison of these studies underlines the relevance of regional analyses to
capture spatio-temporal dynamics of seasonal snow cover. This is particularly important
for cold-arid areas, where irrigation of agricultural fields solely depends on early melt
water supply in spring [7,79]. In this context, local and subregional studies of snow cover
distribution and duration are of utmost importance for livelihoods and development in
Ladakh and neighbouring regions.

5. Conclusions

Similar to the adjoining mountain regions, components of the cryosphere are of vital
importance for downstream settlements and irrigated agriculture in Trans-Himalayan
regions. This study showed the potential of combining terrestrial photography with
satellite imagery to obtain more accurate and detailed information on seasonal snow cover
distribution and duration across various scales. The results revealed a high variability in
seasonal snow cover across the seven different subregions and over the observation period
of almost twenty years. For an improved understanding of spatial and temporal dynamics
of regional snow cover distribution and duration, terrestrial data and satellite imagery with
high spatial and high temporal resolution should be combined for any hydrological and
development studies in the context of climate change.
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Appendix A

Table A1. Monthly RSLE, Sen’s slope, and MK tests for the entire Ladakh.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Aut. Win. Spr. Sum. Ann.

Z-Value 0.28 −0.70 −0.91 −0.56 −1.26 −2.10 −2.35 −1.33 −0.21 −0.77 −0.28 0.28 −0.56 0.42 −1.19 −2.10 −1.12
p-Value 0.78 0.48 0.36 0.58 0.21 0.04 0.02 0.18 0.83 0.44 0.78 0.78 0.58 0.67 0.23 0.04 0.26
Sen’s S. 1.56 −2.59 −3.35 −1.10 −2.16 −5.20 −5.56 −1.29 −0.73 −2.67 −2.39 2.08 −2.08 0.56 −2.97 −3.53 −1.75
Lin. S. −0.85 −1.42 −2.38 −1.24 −2.55 −5.13 −5.29 −1.40 −1.32 −2.8 −2.32 2.95 −1.92 0.23 −2.06 −3.94 −1.98
Mean 4832 4813 4958 5097 5247 5390 5526 5560 5478 5378 5212 5011 5353 4885 5100 5492 5208

SD 84.7 75.3 63.7 53.1 54.1 59.1 56.3 30.3 58.3 77.4 122.2 94.4 62.3 50.4 49.3 43.9 32.5
Trend
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Table A2. A: Mean SCA (%) of all subregions and the magnitude of trends.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Aut. Win. Spr. Sum. Ann.

Indus

Z-Value −1.05 1.19 0.21 −0.83 0.00 1.86 1.61 0.63 0.00 −0.07 −0.42 −0.21 −0.14 −0.28 −1.07 0.63 −0.07
p-Value 0.29 0.23 0.83 0.41 1.00 0.06 0.11 0.53 1.00 0.94 0.67 0.83 0.89 0.78 0.28 0.53 0.94
Sen’s S. −0.53 0.61 0.06 −0.16 0.04 0.10 0.7 0.05 −0.04 −0.07 −0.14 −0.15 −0.07 −0.12 −0.07 0.08 −0.02
Lin. S. −0.19 0.31 0.10 −0.19 −0.14 0.08 0.23 0.06 −0.03 0.08 −0.04 −0.28 −0.01 −0.05 −0.07 0.12 0.00
Mean 44.78 51.83 46.42 35.03 23.08 13.61 5.06 3.76 7.79 12.62 17.90 26.71 12.86 41.11 34.84 7.47 24.05

SD 12.51 11.87 10.72 7.66 5.49 4.62 3.26 1.43 5.38 7.73 8.83 10.83 6.16 7.51 7.04 2.61 4.31
Trend
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Table A2. A: Mean SCA (%) of all subregions and the magnitude of trends. 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Aut. Win. Spr. Sum. Ann. 
Indus 

Z-Value −1.05 1.19 0.21 −0.83 0.00 1.86 1.61 0.63 0.00 −0.07 −0.42 −0.21 −0.14 −0.28 −1.07 0.63 −0.07 
p-Value 0.29 0.23 0.83 0.41 1.00 0.06 0.11 0.53 1.00 0.94 0.67 0.83 0.89 0.78 0.28 0.53 0.94 
Sen’s S. −0.53 0.61 0.06 −0.16 0.04 0.10 0.7 0.05 −0.04 −0.07 −0.14 −0.15 −0.07 −0.12 −0.07 0.08 −0.02 
Lin. S. −0.19 0.31 0.10 −0.19 −0.14 0.08 0.23 0.06 −0.03 0.08 −0.04 −0.28 −0.01 −0.05 −0.07 0.12 0.00 
Mean 44.78 51.83 46.42 35.03 23.08 13.61 5.06 3.76 7.79 12.62 17.90 26.71 12.86 41.11 34.84 7.47 24.05 

SD 12.51 11.87 10.72 7.66 5.49 4.62 3.26 1.43 5.38 7.73 8.83 10.83 6.16 7.51 7.04 2.61 4.31 
Trend ⬇ ⬆ ⬆ ⬇ ⬆ ⬆ ⬆ ⬆ ⬇ ⬇ ⬇ ⬇ ⬇ ⬇ ⬇ ⬆ ⬇ 

Pangong 
Z-Value −0.35 0.70 0.28 −0.84 −0.28 −0.50 1.82 0.53 0.53 −0.21 −0.42 −1.05 −0.42 −0.91 −0.26 0.28 0.00 
p-Value 0.73 0.48 0.78 0.40 0.78 0.62 0.07 0.60 0.60 0.83 0.67 0.29 0.67 0.36 0.80 0.78 1.00 
Sen’s S. −0.16 0.38 0.19 −0.26 −0.12 −0.04 0.21 0.04 0.16 −0.07 −0.26 −0.63 −0.18 −0.23 −0.01 0.04 0.02 
Lin. S. −0.14 −0.05 0.09 −0.21 −0.20 0.08 0.28 0.10 0.07 0.05 −0.08 −0.71 −0.03 −0.30 −0.11 0.15 −0.06 
Mean 49.21 57.71 53.62 42.64 30.03 18.73 8.07 6.88 10.91 16.46 21.89 32.01 16.51 46.31 42.10 11.23 29.01 

SD 14.81 11.97 12.62 8.03 6.72 6.44 3.90 2.22 6.02 10.44 10.65 12.92 7.24 8.94 8.15 3.44 4.82 
Trend ⬇ ⬆ ⬆ ⬇ ⬇ ⬇ ⬆ ⬆ ⬆ ⬇ ⬇ ⬇ ⬇ ⬇ ⬇ ⬆ ⬆ 

Shayok 
Z-Value −0.91 0.56 −0.63 −0.56 −0.56 0.90 1.40 0.21 0.49 0.70 0.14 −0.42 0.07 −0.35 −1.05 0.35 0.14 
p-Value 0.36 0.58 0.53 0.58 0.58 0.37 0.16 0.83 0.62 0.48 0.89 0.67 0.94 0.73 0.29 0.73 0.89 
Sen’s S. −0.33 0.17 −0.21 −0.25 −0.19 0.07 0.27 0.01 0.11 0.45 0.18 −0.32 0.06 −0.10 −0.16 0.09 0.04 
Lin. S. 0.03 0.04 −0.20 −0.24 −0.22 0.04 0.42 0.09 0.02 0.34 0.08 −0.29 0.13 −0.08 −0.22 0.18 0.01 
Mean 65.32 67.70 64.63 58.53 48.38 34.56 18.16 13.46 22.10 32.42 41.42 52.44 32.12 61.82 57.18 22.06 43.26 

SD 8.39 7.04 5.85 5.67 5.88 7.48 6.34 2.22 6.36 9.39 10.89 12.59 6.54 5.94 4.98 4.82 4.07 
Trend ⬇ ⬆ ⬇ ⬇ ⬇ ⬆ ⬆ ⬆ ⬆ ⬆ ⬆ ⬇ ⬆ ⬇ ⬇ ⬆ ⬆ 

Siachan 
Z-Value 0.07 −0.63 −0.91 −0.56 −0.14 −0.07 1.26 0.49 0.21 0.14 0.28 −0.07 0.35 0.07 −1.05 0.63 −0.21 
p-Value 0.94 0.53 0.36 0.58 0.89 0.94 0.21 0.62 0.83 0.89 0.78 0.94 0.73 0.94 0.29 0.53 0.83 
Sen’s S. 0.05 −0.10 −0.26 −0.37 −0.10 −0.03 0.31 0.07 0.05 0.09 0.08 −0.04 0.04 0.01 −0.24 0.13 −0.04 
Lin. S. 0.10 −0.09 −0.24 −0.38 −0.29 −0.19 0.27 0.05 0.00 0.10 0.10 −0.05 0.07 −0.01 −0.31 0.04 −0.05 
Mean 81.55 81.76 78.63 74.62 67.48 57.45 46.35 41.85 51.53 58.63 64.34 73.57 58.25 78.96 73.58 48.55 64.81 

SD 4.91 4.43 5.23 7.10 6.89 5.80 5.17 2.33 4.91 7.26 8.00 8.29 4.59 3.98 5.53 3.81 3.20 
Trend ⬆ ⬇ ⬇ ⬇ ⬇ ⬇ ⬆ ⬆ ⬆ ⬆ ⬆ ⬇ ⬆ ⬆ ⬇ ⬆ ⬇ 

Suru 
Z-Value 0.42 −0.14 −0.49 0.77 0.49 1.61 2.24 2.03 0.56 0.28 0.84 0.28 0.49 0.35 0.49 1.96 1.12 
p-Value 0.67 0.89 0.62 0.44 0.62 0.11 0.03 0.04 0.58 0.78 0.40 0.78 0.62 0.73 0.62 0.05 0.26 
Sen’s S. 0.16 −0.03 −0.14 0.32 0.15 0.83 0.59 0.21 0.19 0.13 0.78 0.18 0.30 0.21 0.15 0.52 0.24 
Lin. S. 0.29 −0.06 −0.21 0.35 0.37 0.84 0.57 0.23 0.21 0.11 0.34 0.22 0.20 0.15 0.17 0.55 0.27 
Mean 79.44 79.42 81.79 72.71 61.49 38.22 17.74 11.23 21.29 35.12 51.22 66.29 36.09 75.05 72.00 22.40 51.33 

SD 11.48 7.74 4.95 8.24 8.03 10.07 6.90 2.91 5.82 11.10 17.20 10.40 9.14 6.59 4.72 6.37 4.11 
Trend ⬆ ⬇ ⬇ ⬆ ⬆ ⬆ ⬆ ⬆ ⬆ ⬆ ⬆ ⬆ ⬆ ⬆ ⬆ ⬆ ⬆ 

Tshomoriri 
Z-Value −0.35 0.14 1.05 0.00 0.35 0.84 1.89 0.56 0.63 −0.42 −0.49 −0.63 −0.14 −0.07 0.56 1.19 0.35 
p-Value 0.73 0.89 0.29 1.00 0.73 0.40 0.06 0.58 0.53 0.67 0.62 0.53 0.89 0.94 0.58 0.23 0.73 
Sen’s S. −0.35 0.26 0.68 −0.07 0.21 0.31 0.25 0.07 0.14 −0.27 −0.23 −0.41 −0.03 −0.09 0.32 0.18 0.13 
Lin. S. −0.20 0.37 0.59 0.19 0.28 0.37 0.28 0.06 −0.09 0.22 0.17 −0.23 0.12 −0.02 0.35 0.24 0.17 
Mean 61.27 75.13 73.45 61.13 34.05 14.70 6.34 6.21 12.02 17.67 21.60 33.72 17.18 56.71 56.21 9.08 34.77 

SD 21.21 17.34 18.27 16.11 13.45 7.73 4.04 2.51 11.39 18.02 16.77 19.15 14.25 13.09 14.55 3.92 8.42 
Trend ⬇ ⬆ ⬆ ⬇ ⬆ ⬆ ⬆ ⬆ ⬆ ⬇ ⬇ ⬇ ⬇ ⬇ ⬆ ⬆ ⬆ 
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Table A2. Cont.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Aut. Win. Spr. Sum. Ann.

Tshomoriri

Z-Value −0.35 0.14 1.05 0.00 0.35 0.84 1.89 0.56 0.63 −0.42 −0.49 −0.63 −0.14 −0.07 0.56 1.19 0.35
p-Value 0.73 0.89 0.29 1.00 0.73 0.40 0.06 0.58 0.53 0.67 0.62 0.53 0.89 0.94 0.58 0.23 0.73
Sen’s S. −0.35 0.26 0.68 −0.07 0.21 0.31 0.25 0.07 0.14 −0.27 −0.23 −0.41 −0.03 −0.09 0.32 0.18 0.13
Lin. S. −0.20 0.37 0.59 0.19 0.28 0.37 0.28 0.06 −0.09 0.22 0.17 −0.23 0.12 −0.02 0.35 0.24 0.17
Mean 61.27 75.13 73.45 61.13 34.05 14.70 6.34 6.21 12.02 17.67 21.60 33.72 17.18 56.71 56.21 9.08 34.77

SD 21.21 17.34 18.27 16.11 13.45 7.73 4.04 2.51 11.39 18.02 16.77 19.15 14.25 13.09 14.55 3.92 8.42
Trend
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which is significant in winter [13]. No clear trend of SCA can be identified for Ladakh, 
however the detected slight but non-significant increase of the annual and summer SCA 
can possibly be related to an increase in cloudburst events, as witnessed during several 
field visits. 

Overall, a comparison of these studies underlines the relevance of regional analyses 
to capture spatio-temporal dynamics of seasonal snow cover. This is particularly im-
portant for cold-arid areas, where irrigation of agricultural fields solely depends on early 
melt water supply in spring [7,79]. In this context, local and subregional studies of snow 
cover distribution and duration are of utmost importance for livelihoods and develop-
ment in Ladakh and neighbouring regions. 

5. Conclusions 
Similar to the adjoining mountain regions, components of the cryosphere are of vital 

importance for downstream settlements and irrigated agriculture in Trans-Himalayan re-
gions. This study showed the potential of combining terrestrial photography with satellite 
imagery to obtain more accurate and detailed information on seasonal snow cover distri-
bution and duration across various scales. The results revealed a high variability in sea-
sonal snow cover across the seven different subregions and over the observation period 
of almost twenty years. For an improved understanding of spatial and temporal dynamics 
of regional snow cover distribution and duration, terrestrial data and satellite imagery 
with high spatial and high temporal resolution should be combined for any hydrological 
and development studies in the context of climate change. 
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Appendix A 

Table A1. Monthly RSLE, Sen’s slope, and MK tests for the entire Ladakh. 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Aut. Win. Spr. Sum. Ann. 
Z-Value 0.28 −0.70 −0.91 −0.56 −1.26 −2.10 -2.35 −1.33 −0.21 -0.77 −0.28 0.28 −0.56 0.42 −1.19 −2.10 −1.12 
p-Value 0.78 0.48 0.36 0.58 0.21 0.04 0.02 0.18 0.83 0.44 0.78 0.78 0.58 0.67 0.23 0.04 0.26 
Sen’s S. 1.56 −2.59 −3.35 −1.10 −2.16 −5.20 -5.56 −1.29 −0.73 -2.67 −2.39 2.08 −2.08 0.56 −2.97 −3.53 −1.75 
Lin. S. −0.85 −1.42 −2.38 −1.24 −2.55 −5.13 -5.29 −1.40 −1.32 −2.8 −2.32 2.95 −1.92 0.23 −2.06 −3.94 −1.98 
Mean 4832 4813 4958 5097 5247 5390 5526 5560 5478 5378 5212 5011 5353 4885 5100 5492 5208 

SD 84.7 75.3 63.7 53.1 54.1 59.1 56.3 30.3 58.3 77.4 122.2 94.4 62.3 50.4 49.3 43.9 32.5 
Trend ⬆ ⬇ ⬇ ⬇ ⬇ ⬇ ⬇ ⬇ ⬇ ⬇ ⬇ ⬆ ⬇ ⬆ ⬇ ⬇ ⬇ 

Numbers in bold and blue: significance level, p-value < 0.05. Numbers in bold and green: significance level, p-value < 0.1. Numbers in bold and blue: significance level,
p-value < 0.05.

Table A3. Trend analysis of SCA in relation to the elevation zone (%) of all subregions.

Elevation Zone Region Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

<3500 m

Siachan H H N N N N N N N H N N
Shayok N N N N N N N N* H N N H
Indus H N N N N N N N N N N N
Suru N N N N N N N N N H H H
Zangskar H * N N N N H H H N H N H

3500–4500 m

Siachan N H N N N N N N N N N N
Shayok N N H N N N N N N N N N
Pangong N N N N N* N* N * N * N * H N N
Indus H N N N N N N N N N N N
Suru N N H N N N N N N N N N
Zangskar H N N N N N N N N N N H
Tshomoriri N N N N H H N H N H H N

4500–5500 m

Siachan N H N N N N N N N H N H
Shayok H N H * H H N * N N N N N H
Pangong H N N H * H N N H N H H H
Indus H N N H H N N N N N H H
Suru N H H N N N N N N N N N
Zangskar H N N N N N N N N H N N
Tshomoriri H N N N * N N N N N H H H

5500–6500 m

Siachan N H H H H * H * N H H N H H
Shayok H H H * H * H H N H H N H H
Pangong H H H H H H * N H * N H H H
Indus H N H H H H * N N H H H H
Suru N H H H * H * H * N N H N N N
Zangskar H N H H H N N N H N H H
Tshomoriri H H H H H N N N N H H H

>6500 m

Siachan H H * H − H * H * H * H H * H H H
Shayok − − * − − − H * − H − − − −
Indus − − − − − H H H − − − −
Suru H − * H H * − * H * H H H H H −
Zangskar − − − − − − − − − − − −
Tshomoriri − − − − − − H * H − − − −

4 Upward Trend,5 Downward Trend, − No Trend; Trend Significance: N None N Low (p < 0.1) N Moderate
(p < 0.05) N High (p < 0.01), * Modified Mann-Kendall Test.
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