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Abstract The extent of snow cover in the Western Indian
Himalaya determines the fluctuations in river discharge
during the summer months and affects the water supply for
hydroelectric generation, agriculture and related socio-
economic systems which further affect the livelihood of the
population in the area and downstream. Despite this
importance, there is a lack of information about this region
primarily due to the complexities of the processes involved
in snow hydrology and the lack of snow cover and depth
data in the high elevation areas. Periodical monitoring of
the snow cover area (SCA) is an indispensable demand for
short-term forecasts of the daily river flows and seasonal
forecasts of run-off volume. Therefore, this study is an
attempt to assess the annual, seasonal and monthly varia-
tions in the extent of snow cover of the Western Indian
Himalaya. SCA was estimated using the MODIS/Terra
Snow Cover 8-Day L3 Global 500 m (MOD10A?2) data for
the period 2000-2015. Monthly composite maps of SCA
were prepared from 8 days composite snow cover area
maps for the Kashmir, Himachal and Kumaon Himalaya.
The study found a reduction in snow cover in the Indian
Western Himalaya. The inter-seasonal variation in SCA
was also observed in the study area. The study found an
inter-regional variations in the extent of snow cover in the
Western Indian Himalaya during the period of analysis.
Emerging changes in the extent of snow cover would
influence the availability of water in the near future.
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1 Introduction

The Himalaya is covered by large areas of glaciers and
permafrost. The largest rivers of Asia such as the Indus,
Ganges and Brahmaputra drain from this region. The water
availability in the area during the summer months deter-
mined by the extent of snow cover. It is not just significant
for the downstream population, but likewise for the
upstream population for several economic activities such as
agriculture, hydro-power generation and domestic usage.
The sustenance of the large population in India is influ-
enced by fluctuations in the extent of snow cover in the
Western Himalaya. Thus, analysis the spatial and temporal
variability of snow cover area (SCA) is very important for
various applications in the area.

According to the IPCC [1], the global combined land
and ocean surface temperature indicates an increase of
about 0.89 °C during 1901-2012. The evidences of
warming were also found [1-5] in the Western Indian
Himalaya and the rise in air temperature varied from 0.9 to
0.16 °C. The rising average air temperature is expected to
affect the extent of snow cover and would have serious
implication on the management of water resources in the
region. SCA could be taken as an indicator to measure the
climate variability in the Cryosphere [1, 6] as it is sensitive
to the variations in air temperature. SCA changes would
also determine the seasonal distribution of river flow [7].
These changes will have an influence on the availability of
water throughout the year.

Limited meteorological stations in high altitude due to
the rugged terrain and harsh climate limit the
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meteorological data. In this condition, satellite remote
sensing provide a useful tool for real-time and large spatial
coverage for monitoring SCA over remote areas. Evi-
dences of changes in snow cover area were found around
the world. As a whole, Northern Hemisphere spring snow
cover extent shows a considerable reduction over the past
90 years and the rate of decrease has been most rapid over
the past 40 years. The estimated rates of reduction were
found to be approximately — 3.24 x 106 km®> per
100 years for March and — 4.72 x 106 km? per 100 years
in April. These trends may be attributed to rising spring air
temperatures over the mid-latitudes. The decline in SCA is
evident in both March and April for Eurasia [8]. IPCC [5]
highlighted that SCA in the Northern Hemisphere has been
consistently below the 21 years (1974—1994) average since
1988. According to the latest report of IPCC [1], Northern
Hemisphere annual SCA decreased about 10% since 1966,
largely due to decreases in spring and summer SCA since
the mid 1980s over both the Eurasian and American con-
tinents. Immerzeel et al. [9] concluded that the climate
change has affected the Himalayan mountains, only the
effects of climate change on water availability and food
security differ substantially among basins in the Asia and
cannot be extrapolated. Several studies [10-15] have also
been made out along the Indian Himalaya to examine the
changes in SCA by using remote sensing data (Landsat,
IRS and MODIS). Gurung et al. [10] studied the changes in
seasonal SCA in the Hindu Kush-Himalayan (HKH)
region. He found the linear trend in annual snow cover
during 2000-2010 of — 1.25 £ 1.13%. A similar trend for
Western, Central and Eastern HKH region is
855 £ 1.70%, + 1.66 & 2.26% and 0.82 %+ 2.50%,
respectively. Snow cover trends over a decade were also
found to vary seasonally in the region. Kulkarni [12]
examined the seasonal snow cover of the Himalaya and
showed large amounts of snow cover depletion in the
former part of winter, i.e. from October to December.

Review of literature revealed that little work has been
done to assess the changes in the SCA of the different
states in the Western Indian Himalaya (WIH) with con-
tinuous latest remote sensing data. Study of SCA is also
very important due to the fact that the changes in the snow
cover area are closely associated with fluctuations in the
climate variables. Thus, the present study is an attempt to
assess the annual, seasonal and monthly trends in the SCA
of the Kashmir, Himachal and a Kumaon region in the -
Western Indian Himalaya during 2000-2015. The study
would be helpful to manage the water resources and ensure
environmental security in the WIH.
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2 Study area

Western Indian Himalaya (WIH), covering the states of of
Jammu and Kashmir, Himachal Pradesh and Uttarakhand,
bound by longitudes 72°E to 81°E and latitudes 28°N to
37°N (Fig. 1). It is known as Kashmir Himalaya (Jammu
and Kashmir), Himachal Himalaya (Himachal Pradesh)
and Kumaon Himalaya (Uttarakhand). The region covers a
total area of 331,392 sq.km, which is about 10.08% of
India’s geographical area. Out of this, Kashmir Himalaya
cover maximum area of about 6.7% and Kumaon Himalaya
cover minimum area of about 1.62% area. WIH forms part
of the Karakoram, Ladakh, Zaskar, Great Himalayan, Pir-
panjal and Shiwalik ranges. Elevations in the region vary
from a few hundred meters in the south to about 8500 m in
the north. Slope of WIH is from north to south. Several
sub-basins of both the Indus (Jhelum, Chenab, Shyok,
Ravi, Sutlej and Gar Zangbo) and Ganges (Yamuna,
Bhagirati and Alaknanda) forms part of this region.
Precipitation in the WIH occurs in the form of rain and
snow, under the influence of western disturbances (October
to May) and the south-west monsoon (July to September).
Climatic conditions in WIH vary with the altitude. The
average temperature in the southern foothills of WIH varies
from about 30 °C in summer to around 18 °C in winter and
in the middle WIH valleys, the average temperature is
around 25 °C in summer and the winters are really cold.
On the higher region of the middle Himalaya, the tem-
perature is recorded at around 15 °C to 18 °C in summer
while the winters are below freezing point. Higher altitude
areas of WIH of above 4800 m have temperature below
freezing point and are permanently covered with snow.

3 Materials and methods

MODIS/Terra Snow Cover 8-Day L3 Global 500 m
(MOD10A2) data for the period 20002015 was obtained
from the Distributed Active Archive Center (DAAC),
National Snow and Ice Data Center (NSIDC). The area is
covered in the horizontal and a vertical tile number of
h24v05. The MODIS uses 36 spectral bands with a spatial
resolution of 250, 500 m and 1 km. MODIS also provides a
grid of snow cover data at 500 m [16]. The accuracies and
limitations of the MODIS terra, snow cover products have
been explored with positive results [17-20]. Overall under
a clear sky, the accuracy of MODIS Terra daily snow
classification is over 90%.

MODIS satellite data have a high temporal resolution
and has an automated snow-mapping algorithm, which
reduces the time and errors incorporated during processing
the satellite data manually. Each data granule contains the



Evaluating snow cover changing trends of the Western Indian Himalaya 105
70°0'0"E 75°0'0"E 80°0'0"E
Kilometers
03060 120 180 240
| .
Z Z
= =
(=] o
o o
v v
o Lagl
z
z
z| & z
= =
& &
(=3 (=3
o o©
z z Elevation (m)
] e w High : 8569
T T T - Low: 171
70°0'0"E 80°0'0"E 90°0'0"E
T T T
70°0'0"E 75°0'0"E 80°0'0"E

Fig. 1 Study area

two HDF-EOS local attribute fields (Maximum Snow
Extent and 8 Day Snow Cover). The present study used
maximum snow extent tile field data. This data is in
compressed Hierarchical Data Format-Earth Observing
System (HDF-EOS) format. HDF-EOS to Geo-TIFF Con-
version Tool (HEG) was used for converting the HDF-EOS
data to Geo-TIFF, native binary, or HDF-EOS grid format,
reprojection of sinusoidal projection to Geographic Lat/
Long and WGS84 datum and resampling to nearest
neighbour.

MOD10A2? is based on the Normalized Difference Snow
Index (NDSI). NDSI uses spectral characteristics of snow
and is based on the concept of the Normalized Difference
Vegetation Index (NDVI) used in vegetation mapping from
remote sensing data [21, 22]. The MODIS/Terra
MOD10A1 snow cover product is a classified image. For
development of snow covered products, NDSI approach
has been used to compute the snow cover area.

(VisibleBand — SWIR Band)

NDSI =
(Visible Band + SWIR Band)

or

(B4 — B6)
(B4 + B6)

The pixel values of the MOD10A1 data (snow cover
daily tile field data) include 1 (no decision), 25 (snow-free
land), 50 (cloud obscured), 200 (snow), and 254 (detector
saturated) [23]. For MOD10A2, eight-day periods begin on
the first day of the year and extend into the next year. It is
based on overlay technique that is based on MAJORITY
statistics. It determines the majority (cell value that occurs
most often) of the inputs. The same technique was utilized
for preparing monthly composite maps for all the regions
from 8 days composite MODIS maps. ArcGIS 10.1 was
utilized for preparing monthly composite maps of all the
regions in WIH.

Descriptive statistics were used to characterize the SCA
at monthly, seasonal and annual basis. The seasonal
dynamics SCA pattern was studied using a scheme for
seasons adapted from a previous work [24]. The seasons
include winter (December to March), pre-monsoon season
(April to June), monsoon season (July to September) and
post-monsoon season (October and November). Ordinary
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Table 1 Descriptive Statistics

and Trend in mean annual SCA Region Mean (%) SD (%) CV (%) Trend (%/year)
in Western Indian Himalaya Western Himalaya 26.14 2.47 9.45 — 0.595%
during 2000-2015 o
Kashmir Himalaya 37.41 3.17 8.48 —0.235
Himachal Himalaya 22.29 2.63 11.82 — 0.733%%*
Kumaon Himalaya 16.98 2.62 15.44 — 0.586%*

SD standard deviation, CV coefficient of variation
Significant at *0.05 and **0.01 level

least-squares (OLS) regression test was used to assess the
direction and magnitude of trend in the annual, seasonal
and monthly SCA. The significance of the test is also
computed [25]. The trend in the snow cover area is tested at
both level of significance i.e. o« = 0.01 and 0.05. The
hypothesis that there is no trend is rejected when the
computed t value is greater in absolute value than the
critical value t oy,. Detailed SCA analysis was done for
WIH and three sub regions (Fig. 1) to study inter-regional
variation. Moreover, minority function of cell statistics in
the ArcMap 10.2 was used to show the pattern of spatial
variation in the snow cover area of the Western Himalaya
during the study period. Minority function determines the
value in a pixel that occurs least often of the inputs i.e.
SCA. It helps to understand the inconsistency in the snow
cover area of the Western Indian Himalaya during
2000-2015.

4 Results and discussions
4.1 Annual variations in SCA

Mean annual SCA observed for the WIH was 26.14%
during 2000-2015 and the corresponding values of the
Kashmir, Himachal and Kumaon Himalaya were 37.41,
2229 and 16.98%, respectively (Table 1), indicating
highest mean annual SCA in the Kashmir Himalaya during
the period of analysis. Coefficient of variation (CV) of
mean annual SCA of the WIH is 9.45% (Table 1), indicates
low variation during the period 2000-2015. The corre-
sponding values of sub-region level, indicate that the
Kumaon Himalayan region has experienced highest varia-
tion in mean annual SCA during the period of analysis,
compared to other regions (Table 1).

Annual variation in the SCA of the WIH was analyzed
for the period 2000 to 2015 using average annual values
(Fig. 2). A yearly average of SCA of the WIH varied from
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Fig. 2 Trends in the mean annual SCA of Western Indian Himalaya
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Fig. 3 Mean seasonal SCA during 2000-2015

20.4% in 2015 to 28.8% in 2009 (Fig.2). Kashmir,
Himachal and Kumaon Himalayan regions have also
experienced lowest mean annual SCA in 2000 and the
highest in within the concluding 5 years (Fig. 2). The
analysis indicates a statistically significant decreasing trend
in the mean annual SCA of WIH during 2000-2015
(Table 1). Himachal and Kumaon Himalayan regions also
show a statistically significant decreasing trend in the mean
annual SCA during the period of analysis. The magnitude
of trend of mean annual SCA is highest in Himachal
Himalaya (— 0.733%/year) followed by Kumaon and
Kashmir Himalayan regions (Table 1). Gurung et al. [9]
observed the similar trends in the mean annual SCA of the
Western HinduKush Himalayan region for the period
2000-2010. Significant decreasing trends in the mean
annual SCA in all the regions of WIH indicate the reduc-
tion in the extent of snow cover, that means more water
would be available for use in the near future.

4.2 Seasonal variation in SCA

In the WIH, the maximum SCA of about 41.7% of the total
area was observed during winter, followed by pre-monsoon
(26.7%), post-monsoon (21.6%) and monsoon (8.2%)
(Fig. 3). Kashmir, Himachal and Kumaon Himalayan
regions also show similar observation in the seasonal SCA
during the period of analysis (Fig. 3). This may be because
monsoon is the season of abundant rain and snow and
glaciers at very high altitudes continue melting during this
season [23].

CV of seasonal SCA of the WIH indicates highest
variation during the post-monsoon season (22.6%), fol-
lowed by monsoon (16.9%), winter (10.7%) and pre-
monsoon (8.6%) during the period 2000-2015 (Table 2).
CV of SCA was computed for sub-regions of WIH for the
period 2000-2015. CV values of SCA in the Kashmir
Himalayan region indicate highest variation in the extent of
snow during the post-monsoon season (20.9%) followed by
monsoon (14.4%), pre-monsoon (12.1%, and winter (7.9%)
during the period of analysis (Table 2). CV shows a dis-
similar sequence of variation in the seasonal SCA of the
Himachal Himalaya during the same period. Similarly,
Kumaon Himalaya show highest variation in SCA during
the post-monsoon (36.9%) followed by winter, monsoon
and pre-monsoon (Table 2). However, least variation in the
seasonal SCA in almost all the sub-regions was observed in
pre-monsoon.

Trends in SCA of WIH, obtained for the individual
seasons show a decreasing trend in all the seasons during
2000-2015, though the trend is significant during winter
(Table 3; Fig. 4). The magnitude of the trend in the SCA is
highest during the winter and least in pre-monsoon. Similar
trends in the SCA are being observed in the Kashmir
Himalaya during the period of analysis (Table 3 and
Fig. 4). Himachal Himalaya has experienced a decreasing
trend in SCA during all the seasons during 2000-2015
(Table 3; Fig. 4) and the trend in winter and post-monsoon
SCA is statistically significant (Table 3). The results are
not consisted with the findings of the study, done in the
Western Hindu-Kush Himalaya for the period 2000-2010
[9] that shows a declining trend in the SCA in the pre-
monsoon for Hindu Kush Himalaya (HKH) region
(— 1.04 &£ 0.97%), primarily due to inter-annual variations
in circulation patterns. They found rising trends in all the
seasonal snow cover areas of the Western HinduKush
Himalaya (HKH) region. The reason could be the different
time period of study. Kumaon Himalaya has also experi-
enced a decreasing trend in SCA during the all the seasons
(Table 3; Fig. 3), though the magnitude of the trend in
highest during the winter season (— 0.643%/year)
(Table 3).

Singh and Kumar [26] noticed that snow and glacier
melt runoff cause an earlier response of total stream flow

Table 2 SD and CV of

mean seasonal SCA during Season Kashmir Himalaya  Himachal Himalaya =~ Kumaon Himalaya = Western Himalaya

2000-2015 SD(%) CV(%) SD(%) CV(%) SD(®%) CV (%) SD (%) CV (%)
Winter 4.5 7.9 5.1 12.7 59 21.1 4.5 10.7
Pre-monsoon 4.5 12.1 1.7 7.2 1.4 8.8 23 8.6
Monsoon 2 14.4 1.9 27.1 1.3 19.4 1.4 16.9
Post-monsoon 6.8 20.9 5.8 31 4.9 36.9 4.9 22.6

SD standard deviation, CV coefficient of variation
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Table 3 Trend (%/year) in 11 . . B .
ean seasonal S(C Ay d ) Season Kashmir Himalaya  Himachal Himalaya =~ Kumaon Himalaya  Western Himalaya
mean season. urin
g (%/Year)
20002015
Winter — 0.577* — 0.836%* — 0.643%* — 0.796**
Pre-monsoon 0.006 — 0.04 — 0.022 —0.11
Monsoon 0.224 — 0.169 — 0.198 — 0.151
Post-monsoon  — 0.182 — .527% —0.395 — 0426
Significant at *0.05 and **0.01 level
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Fig. 4 Trend in mean seasonal SCA of the Western Indian Himalaya

and a change in flow distribution under a warmer climate
scenario. Total stream flow indicates that an increase in air
temperature produces an increase run-off in the pre-mon-
soon followed by an increase in run-off during the mon-
soon. Singh and Bengtsson [27] examined the impact of a
warmer climate on rainfall fed, snow fed and glacier fed
river basin of Himachal Pradesh and found that a warmer
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Fig. 5 Snow accumulation and ablation curve during the period
2000-2015

climate would result in water availability reduction in the
snow fed basins due to a compound effect of increase in
evaporation and decrease in melt (due to availability of
lesser amount of snowfall in the catchment area) whereas
from the glacier fed basin it increased.

4.3 Monthly variations in SCA

According to the average monthly SCA of WIH of all the
months for the period 2000-2015, snow starts to accumu-
late from late-October to mid-March and begins to decline
from April to end of August (Fig. 5). Average snow cover
reaches a maximum point in February to about 45.6% of
the entire field and proceeds to melt till August. In August,
snow extent remains about 6.5%. The analysis revealed an
inter-regional variations in the percentage of monthly SCA.
It may be attributed to variation in the climatic conditions
and topography [14].

Coefficient of variation of the SCA of the Western
Indian Himalaya, indicates highest variation from
September to December and least during February during
the period of analysis (Table 4). Mean monthly SCA of the
Kashmir and Himachal Himalaya show high variation
in September. Results of coefficient of variability indicate
that SCA is more steady during the winter months than
other seasons during 2000-2015. Though, monthly trend
analysis of the SCA of the WIH shows a significant
reduction during all the months during 2000-2015
(Table 5). In Kashmir Himalaya, the SCA has shown a



Evaluating snow cover changing trends of the Western Indian Himalaya 109
Table 4 Descriptive statistics of mean monthly SCA during 2000-2015
Months Kashmir Himalaya Himachal Himalaya Kumaon Himalaya Western Himalaya

Mean (%) SD (%) CV (%) Mean (%) SD (%) CV (%) Mean (%) SD (%) CV (%) Mean (%) SD (%) CV (%)
Jan 67.1 35 5.3 44.7 4.7 10.4 33.8 10 31 48.6 4.8 9.9
Feb 61 4.7 7.7 432 42 9.7 327 6 18 45.6 3.8 8.3
Mar 55.3 52 9.4 40.3 5.6 13.8 25.7 75 29 404 5.4 13.4
Apr 49.2 53 11 32.1 3 9.2 21.3 2.1 9.6 37 3.7 9.9
May 39.9 6.6 17 259 2.8 10.9 15.8 22 14 27.2 33 12.2
Jun 23.7 55 23 14.7 3 20.6 9.5 1.9 20 16 2.8 17.7
Jul 12.4 2.6 21 6.4 22 344 6.5 1.7 27 8.4 1.8 21.2
Aug 10.3 1 9.8 44 1.4 31.3 4.9 1.8 36 6.5 1.2 17.8
Sep 18.8 5.4 29 9.8 3.8 38.8 9.2 33 36 9.8 24 24.7
Oct 28.2 7 25 15.7 6.4 40.6 12.7 5.2 41 18.9 53 28.2
Nov 37.2 9.5 26 21.8 7.7 353 13.8 5.2 38 242 6.3 25.8
Dec 48 11.5 24 30.8 10.9 354 19 7.8 41 32.6 9.1 27.8

SD standard deviation, CV coefficient of variation

Table 5 Trend (%/year) in

Himachal Himalaya Kumaon Himalaya Western Himalaya

mean monthly SCA during Months Kashmir Himalaya

2000-2015 (%lyear)
Jan —0.512
Feb — .670%*
Mar — 0433
Apr — 0.508°*
May 0.296
Jun 0.15
Jul 0.106
Aug — 0.198
Sep 0.232
Oct — 0.005
Nov — 0.258
Dec — 0.387

— 0.770%* — 0416 — 0.671%*
— 0.730** — 0.516* — 0.818%%*
— 0.777%* — 0.696%* — 0.725%%*
— 0.752%* — 0.496 — 0.730%*
0.049 0.146 0.241
0.619* 0.324 0.394
0.013 0.411 0.186
0.072 — 0.327 — 0.194
—0.282 —0.282 — 0313
—0.163 — 0.348 —0.18
— 0.662%* —0.393 — 0.509%*
— 0.605%* —0.45 — 0.533%

Significant at *0.05 and **0.01 level

significant decreasing trend in February and April. SCA of
Himachal Himalaya has shown a significant decreasing
trend in winter and post monsoon months. In Kumaon
Himalaya, trend analysis indicates a significant decreasing
trend in SCA of February and March. The variation in the
SCA may be attributed to changes in the air temperature
and form of precipitation as these two factors determine the
rate of snow accumulation and ablation.

4.4 Inconsistency in spatial pattern of SCA
Inconsisteny in the SCA of all the months in the Western

Indian Himalaya during 2000-2015 is shown in Fig. 6. It
shows the areas in the maps where extent of snow is not

frequent during the study period. It further indicates that all
months have high inconsistent area of snow cover except
monsoon months during the study period (Fig. 6). Among
winter months, high inconsistency in SCA is observed from
January to March over the years whereas low inconsistency
is observed in SCA from June to August during the study
period.

5 Conclusions
The present work is an effort to assess the annual, seasonal

and monthly movements in the SCA of the Western Indian
Himalaya and its sub regions (Kashmir, Himachal and
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Fig. 6 Inconsistency in mean monthly SCA in Western Indian Himalaya during 2000-2015
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Kumaon Himalaya) for the period 2000-2015 by using
MOD10A?2 data.

Annual trend analysis indicates a decreasing trend in the
mean annual SCA of WIH during 2000-2015. In sub
regions, Kashmir, Himachal and Kumaon Himalayan
regions indicate a similar tendency in the mean annual
SCA during the period of analysis and the magnitude of the
trend is highest in Himachal Himalaya (— 0.733%/year)
and least in the Kashmir Himalaya.

Seasonal trend analysis of SCA of WIH, obtained for the
individual seasons indicates a decreasing tendency in all
seasons during 2000-2015, though the result is significant
in winter and it also showed the highest magnitude of
change. At sub regional level, similar seasonal trend in the
SCA was being observed in the Himachal and Kumaon
Himalaya during the period of analysis. In contrast,
Kashmir Himalaya has experienced a decreasing trend in
SCA during winter and post monsoon only.

The monthly trend analysis of SCA of the WIH shows a
decreasing trend in almost all the months during the period
2000-2015. In Kashmir Himalaya, SCA has shown a sig-
nificant decreasing trend in February and April. SCA in
Himachal Himalaya has shown a significant decreasing
trend from January to April and November—December. In
Kumaon Himalaya, trend analysis indicates a significant
decreasing trend in SCA in February and March. The
variation in the snow cover area may be attributed to
changes in the air temperature and form of precipitation as
these two factors determine the rate of snow accumulation
and ablation at different altitudes. The study would be
helpful to policy makers for managing the water resources
in the region.
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