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Understanding the climatic complexity and its consequences on glacier health are of critical importance
for the health of the Himalayan glacier and its contribution to the water budget. In this study, satellite
datasets are used to estimate the glacier area loss, snow cover variability, and reanalysis data for climatic
trends for four glacierised basins (Chandra, Bhaga, Miyar, and Parvati) of the Western Himalaya. In
total, 257 glaciers covering a glacierised area of 1306 km2, having a mean altitude of 5200 m asl, and an
average slope of 18°, were analyzed using Corona (1971) and Sentinel (2018) satellite data. These glaciers
have experienced a significant glacier area loss rate (0.2 km2a1) and an increase in the number of glaciers
on account of fragmentation. Snow cover estimate during 2000–2019 using MODIS data showed no
significant change or a slight decrease in snow cover area during the last two decades. However, the ERAInterim reanalysis data revealed a systematic decrease in precipitation, an increase in temperature and an
increase in liquid precipitation over the region during 1979–2018. The increased liquid precipitation
possibly contributed to the faster melting of the snow and ice and consequently aAected the glaciers’
health. The observed glacier fragmentation and glacier mass loss over the Bve decades and enhanced
rainfall activity revealed a significant inCuence of climatic changes over the glacierised region in Western
Himalaya.
Keywords. Glacier retreat; glacier fragmentation; climatological trend; Upper Indus Basin; Western
Himalaya.

1. Introduction
Glaciers are the major contributors for water
resources and hydropower generation in the HinduKush Himalaya (HKH), crucial for nearly 1.9 billion people who rely on the water that Cows from

the glaciers for drinking, agriculture, energy, or
other purposes (Bolch et al. 2012; Pepin et al. 2015;
Sharma et al. 2019). The HKH glaciers are
retreating faster than the global average (Zemp
et al. 2015; Sharma et al. 2019) and are losing a
significant mass and area (Winiger et al. 2005;

Supplementary material pertaining to this article is available on the Journal of Earth System Science website (http://www.ias.
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Eriksson et al. 2009; Lievens et al. 2019). As the
region warms, glacier contribution to most of the
rivers and groundwater sources could eventually
reduce and change the downstream hydrology.
These changes can bring about a large potential
catastrophe for the huge population occupying
downstream regions (Sharma et al. 2019). Several
satellite-based observations were carried out to
understand the regional (Gardelle et al. 2012; K€
aa€b
et al. 2012; Kulkarni 2012; Kulkarni et al. 2010;
Bahuguna et al. 2014; Pepin et al. 2015; Brun et al.
2017; Lievens et al. 2019), local (Pandey and
Venkataraman 2013; Banerjee 2017; Patel et al.
2018; Das and Sharma 2019; Tawde et al. 2019) and
glacier-wide (Patel et al. 2017; Shukla et al. 2009;
Vijay and Braun 2016) changes in glacier behaviour
in the Himalayan region. However, limited studies
are available that highlight the linkage between
glaciers retreat, snow cover, and climate variability
for the Western Himalayan region (Bhutiyani 2007,
2010; Madhura et al. 2015; Negi et al. 2018).
Recent studies have shown an increased rate of
annual surface air temperature (0.1°C/decade) and
also predicted 0.3°C higher temperature for the
HKH region if the global temperature warms
around 1.5°C (Kumar et al. 2018; Krishnan et al.
2019; Sharma et al. 2019; Sabin et al. 2020). Studies
also suggested an increase in the number of
extreme warm events and variability in the western disturbances (Krishnan et al. 2019). More
variability in the western disturbances will probably bring more snowfall, consequently contributing
to the glacier ice mass in the NW Himalaya and the
Karakoram region (Krishnan et al. 2019).
Some studies have correlated the climate Cuctuation and glacier retreat over the Chenab basin,
Western Himalaya using satellite-derived glacier
retreat pattern, reanalysis datasets and reported
accelerated terminal retreat (12 ma1) and area loss
(7.2 km2) between 1979 and 2017 (Shekhar et al.
2010; Kaushik et al. 2019). Kulkarni et al. (2011)
have mapped 483 glaciers from Western Himalaya
(Chandra, Bhaga, Miyar and Parvati basins) and
reported about 20% glacier area loss. The Western
Himalaya receives one-third of annual precipitation
(snow and rain) during winter due to westerlies
(Shrestha and Aryal 2011; Midhuna et al. 2020).
However, changes in the spatial pattern of precipitation due to increased climatic variability over the
Western Himalaya (Arora et al. 2006; Bhutiyani
et al. 2010; Madhura et al. 2015; Snehmani et al.
2016; Negi et al. 2018; Lievens et al. 2019) can have
a significant impact on glacier health. Arora et al.
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(2006) have highlighted the major contribution of
snowfall as compared to rainfall with increasing
elevation for the higher Himalaya. The recent
increase in liquid precipitation has significant
impact on glacier melting and therefore it would be
imperative to understand the impact of increasing
liquid precipitation over glacier retreat (Azam et al.
2014; Pratap et al. 2015). Although several studies
have been carried out over the Western Himalaya
to understand the relation between glacier retreat
and climatic variability, there are limitations in our
understanding due to the paucity of long-term data
on glaciological observations, snow cover variability, and climatic variability. In this study, high
resolution (\10 m spatial resolution) remote sensing data on glacier area, snow cover data and climatic reanalysis data were used to analyze nearly
Bve decades long behaviour of glaciers, snow cover,
and its relation to the climatic pattern in four major
sub-basins (Chandra, Bhaga, Miyar, and Parvati)
of the Upper Indus Basin, Western Himalaya. The
main objective of this study is to analyze and
highlight the climatological impact on glaciers’
behaviours and associated dynamics during the
last Bve decades in the glacierised catchments of
Western Himalaya.
2. Description of the study area
In this study, major glaciers from four (Chandra,
Bhaga, Miyar, and Parvati) sub-basins of the
upper region of Indus Basin, Western Himalaya,
were selected (Bgure 1a). The region lies between
76°300 –78°000 E and 31°300 –33°300 N, and have a
topographical area of 7474 km2 with a glacierised
area of 1236 km2 (16.5%). The selected glaciers of
different basins are surrounded by steep snowcovered peaks and having a mean altitude of 5200
m asl, and a slope of 18°. The majority (35%) of the
selected glaciers are Cowing towards the north. The
study area is located in the monsoon–arid transition zone and is dominantly aAected by westerlies
and partially by the Indian summer monsoon
(Thayyen and Gergan 2010).
3. Materials and methods
3.1 Data and methodology
In this study, for the delineation of glacier boundaries, the historical Corona KH-4B (1971) and
recent Sentinel 2B (2018) images were analyzed for
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Figure 1. Outline of the glaciers in four sub-basins (Chandra, Bhaga, Miyar, and Parvati) in the Western Himalaya (a) and
co-registered panchromatic scenes of Corona KH-4B georeferenced with Sentinel 2B datasets (1971–2018) (b).

long-term area change in glaciers (1971–2018), and
Moderate Resolution Imaging Spectroradiometer
(MODIS) snow cover products were used for analyzing the snow cover variability for the period
2000–2020. Additionally, the ERA-Interim reanalysis datasets from European Centre for MediumRange Weather Forecasts (ECMWF) were also
used for reconstructing temperature and precipitation trends during 1979–2018. The satellite
datasets were acquired for August (ablation season), with the least cloud cover over the glacierised
region (30–35%) from the USGS portal (https://
earthexplorer.usgs.gov/). The details of these
satellite images and the methodology used in the
study are provided in Bgure 2 and table 1. Since the
declassiBed panchromatic Corona KH-4B images
(1971) do not have geographic information, the
images were co-registered in ERDAS Imagine 2018
by using a projective transformation geometric
model. ASTER GDEM V2 was used as the elevation source and Sentinel 2B data as a reference
image with an assumption of unchanged upper
glacier boundaries for the adjustment of the area
around the glaciers, with minimum RMSE (0.85

pixels) (Bgure 1b). The Sentinel datasets are
available in a multispectral format with 13 bands
in visible, NIR, and SWIR spectrum with a spatial
resolution of 10–60 m and a revisit time of 5 days
(www.Sentinel.esa.int).
The glacier boundaries were acquired from the
Randolph Glacier Inventory (RGI 6.0), Global
Land Ice Measurements from Space initiative
(GLIMS) web portal for reference (RGI Consortium 2017). The glacier outlines were delineated
from rectiBed images of Corona KH-4B and Sentinel 2B and the glacier datasets for the years
1971 were prepared. Standard false-colour composite combinations of bands and image
enhancement methods were applied in the Sentinel 2B to differentiate the glaciated from nonglaciated features. The terminus of the mapped
glaciers, debris-covered and debris-free zones were
identiBed by using visual interpretation keys like
terminus shadow, shape (convex and concave),
and reCectance. The upper boundaries of the
glaciers were kept Bxed with an assumption that
they did not change over the study period. For
more accuracy, DEM and Google Earth Pro were
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Figure 2. The Cow chart of the methodology adopted for analyzing satellite data for glacier retreat, climatic trends, and snow
cover variability over the Western Himalaya.

Table 1. Details of satellite data (Corona/Sentinel) used for the study.
Satellite image ID
L1C˙T43SFS˙A007710˙20180828T053642
L1C˙T43SGS˙A007710˙20180828T053642
L1C˙T43SGR˙A007710˙20180828T053642
L1C˙T43SFR˙A007710˙20180828T053642
DS1115-2282DF057˙57˙a
DS1115-2282DF057˙57˙d
DS1115-2282DF058˙58˙a
DS1115-2282DF058˙58˙b
DS1115-2282DF059˙59˙a
DS1115-2282DF059˙59˙b
DS1115-2282DF060˙a
DS1115-2282DF061˙a
DS1115-2282DA062˙62˙d
DS1115-2282DA068˙68˙d
DS1115-2282DA069˙69˙d
DS1115-2282DF070˙d
DS1115-2282DA071˙71˙d
DS1115-2282DA072˙72˙d
DS1115-2282DA073˙73˙d
DS1115-2282DA074˙74˙d

Sensor

Date of
acquisition

Sentinel 2B

28-08-2018

CORONA KH-4B

22-08-1971

also used for correcting Bner details of the glacier
boundaries. These boundaries were then visually
checked by different users for veriBcation and to
minimize the user error to calculate the area of

Spatial
resolution (m)
10

1.8

the glaciers for 1971 and 2018. Additionally, the
lower terminus boundary of some of the glaciers
from Chandra basin was validated through the
Beld GPS points.
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The uncertainty, U in the terminus retreat was
estimated using the spatial resolution of the satellite imageries and with the errors in image registration by using the following equation:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð1Þ
U ¼ a2 þ b2 þ E;
where a and b are the spatial resolution of the satellite
images used in the study and E is the co-registration
error (Patel et al. 2018). The standard methods were
followed to estimate the uncertainty for the glacial
area (Bolch et al. 2010; Bhambri et al. 2011a; Patel
et al. 2018). The overall uncertainty in the glacier area
estimated by merging mapping and misregistration
error was 2%. An additional uncertainty of 3% was
also included taking into consideration of the debris
cover, clouds, late lying snow and shadow (Bolch et al.
2010). The total uncertainty thus obtained (5%) was
better than the uncertainties reported by previous
studies for Himalayan region (Bhambri et al. 2011b;
Pandey and Venkataraman 2013; Das and Sharma
2019; Kaushik et al. 2019).
The snow cover status and variability for the
period 2000–2019 were analyzed using the MODIS/
Terra Snow Cover 8-day L3 Global 500 m Grid
(MOD10A2 V6) products. The MOD10A1 dataset is
available in 500 m spatial resolution with 8-day snow
chronology and have shown 90–94% accuracy for
most of the terrains (Hall et al. 2006). The MODIS
8-day snow cover datasets are generated by using the
Normalized Difference Snow Index (NDSI) algorithm
on the 8 days MOD10A1 tiles. NDSI is a band ratio
algorithm that utilizes the short wave infrared
(MODIS band 4) and visible (MODIS band 6) bands.
Snow has low reCectance in the shortwave infrared
and high reCectance in visible bands (Hall et al. 2006).
The accuracy of the MODIS snow cover products
varies from 12 to 13%, depending on the terrain type
(Hall and Riggs 2007). A detailed description of the
MOD10A2 datasets is provided on the NSIDC website (https://nsidc.org/). The tiles were further geoprocessed for the entire region by using the spatial
analyst tool in the ArcGIS 10 environment.
The climatic variables (temperature and precipitation) were obtained from ERA-Interim climatological
reanalysis data from the ECMWF website (https://
www.ecmwf.int/) for the period 1979–2018. The spatial resolution of this dataset was *80 km on 60 vertical levels from the surface up to a 0.1 hPa. To analyze
the temperature and precipitation variations from
1979 to 2018 in the selected region of Western Himalaya, the daily, as well as the monthly means of temperature and precipitation data, were downloaded

from the ECMWF website as time series (https://
apps.ecmwf.int). The raw climatological datasets were
preprocessed (bias correction) and used for the statistical analysis. The bias correction for the modelled
temperature and precipitation datasets was made by
applying the linear scaling algorithm using in-situ
AWS datasets for the period 2015–2017 from the
Himansh Research Station, Chandra basin, Lahaul
and Spiti, Himachal Pradesh. The statistical downscaling method (Linear scanning bias correction)
based on the average difference between observed time
series and historical time series was used. The additive
correction was applied for temperature, whereas
multiplicative correction was applied for precipitation
(Shrestha et al. 2017). The details of correction
factor estimated and obtained datasets with trend
are provided in supplementary tables S1, S2 and
Bgures S1–S5.
The Mann–Kendall statistics were applied to the
corrected data to Bnd out the monthly trends over
the period (1979–2018). For estimating the slope of
the linear trend, Sen’s slope non-parametric
method (Sen 1968) was also applied. During this
testing procedure, the null hypothesis H0 was tested against an alternative hypothesis H1 that
assumed the presence of a trend in the series. In
order to Bnd the significance of the trend, the test
statistic, Zs was calculated. Mann–Kendall statistics was used for the analysis of trend (monotonic
increasing or decreasing) and Sen’s slope method at
95% conBdence level was used for computation of
the rate of change in the trend. The seasonal
(summer and winter), annual and decadal patterns
of variation in the temperature and precipitation
were also plotted for trend analysis.
Further, the trend in the number of rainy days
(liquid precipitation) was estimated during the
accumulation months (November–May). Due to the
unavailability of data on the precipitation type
(snow/rain) over the region, we considered a day as a
rainy day (potential rainy day) if the precipitation
was recorded at above 0°C average temperature
condition. Therefore, this study will give an improved
understanding of the impact of liquid precipitation
over the glacierised region of the Himalayan region.

4. Results and discussion
4.1 Distribution and characteristics of glaciers
A total of 269 glaciers from four major river basins
of Western Himalaya were mapped covering an
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area of 1173.2 ± 58 km2 under this study in the
year 2018. These include 41 glaciers in the Miyar
basin (188 ± 9 km2), 67 glaciers in the Bhaga basin
(180 ± 9 km2), 102 glaciers in the Chandra basin
(511 ± 25 km2) and 59 glaciers in the Parvati basin
(295 ± 14 km2) glaciers area. The individual glaciers mapped for this study have coverage areas
ranging from 0.1 to 110 km2 (Bgure 3 and table 1)
with a mean glacier size of 4.5 km2. The distribution of the glaciers was sorted by mean altitude,
slope, and aspect class (Bgure 3). Although the
studied glaciers ranged in altitude from 4400 to
6000 m asl, most of the glaciers were distributed
within the altitudinal range 4640–5600 m asl.
Among the selected glaciers, the larger glaciers
([10 km2) are having a lower mean altitude
(\5200 m asl) compared to smaller glaciers ([5200
m asl).
The mean altitude of mapped glaciers (*5200 m
asl) is lower than other parts of the Western
Himalayan range. Compared to our study region,
the mean altitude of glaciers in the Central Ladakh
range is 5500 m, Alaknanda 5380 m, Bhagirathi
5544 m, Kang Yatze 5710 m, Lungsar range 5385
m, Indus 5404 m, Pangong range 5942 m, Indus
5404 m and Jankar Chhu Watershed 5373 m
(Scherler et al. 2008; Frey et al. 2012; Chand and
Sharma 2015; Das and Sharma 2019). The mean
slope of the selected glaciers is 18° with a range of
11°–33° (Bgure 3 and table 2). Our analysis
revealed that larger glaciers are having gentle
surface slopes (15–20°) than smaller glaciers
(11–33°) (Bgure 3). Although the selected glaciers
have shown diverse directional surface Cow, the
majority of them are having N Cow (35%), which
was followed by S (16%) and SE (15%) Cow
(Bgure 3). Our analysis revealed that the major
concentration of ice mass in the selected region is
at low gradient northern and southern slopes.

J. Earth Syst. Sci. (2021)130:217
4.2 Glacier retreat between 1971 and 2018
As part of the study, a total of 257 glaciers covering
an area of 1306.1 ± 65 km2, were analyzed to
estimate the glacier area loss between 1971 and
2018. The results showed a total glacier area loss of
132.8 ± 6.6 km2 (10.2%) with all four basins having
experienced significant losses in the area within the
last Bve decades. Whereas in the Chandra basin,
the relative glacier area decreased from 541 to 511
km2; in the Parvati basin it is reduced from 338 to
295 km2; in the Bhaga basin it decreased from 212
to 180 km2; and in the Miyar basin, the glacier area
reduced from 216 to 188 km2 (Bgure 4 and table 2).
The maximum reduction in terms of glacier area
was estimated for the Parvati basin (43 km2).
However, maximum loss in terms of percentage
was observed in the Bhaga basin (14.7%), followed
by the Miyar basin (13.1%), Parvati basin (12.7%),
and Chandra basin (5.6%).
Analysis of glacier data during 1971 and 2018
revealed that the total area loss (85.7 ± 4 km2) was
higher among the larger glaciers ([10 km2) than
smaller glaciers (\5 km2) that experienced a loss of
26.3 ± 1.3 km2 (7%). However, the relative glacier
area loss was higher (*21%) for the smaller glaciers compared to the larger glaciers (*6%)
(Bgure 5a and table 2). Glaciers above the mean
altitude of 5200 m asl have shown an increased
glacier area loss (*21%), while glaciers with a
mean altitude below 5200 m asl showed marginally
reduced (*17%) areal loss (Bgure 5b). Glaciers
with the eastern Cow showed increased mass loss
(*30%) followed by NW (*27%), W (*23%),
and SE (*21%) Cowing glaciers (Bgure 5c). The
observations showed that the smaller glaciers with
steeper slope and eastern directional Cow situated
at higher altitudes are losing the glacier area faster
in the Western Himalaya. The expected causes for

Figure 3. Distribution of the selected glaciers Western Himalaya, as per the (a) mean altitude, (b) average slope, and
(c) direction of Cow (aspect).
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Table 2. Glacier characteristics and area loss for the period 1971–2018.
Glacier
size (km2)
\0.5
0.5–1
1–5
5–10
[10
\5
[5
Total

Total area (km2)

No. of glaciers
1971

2018

1971

2018

24
43
132
31
27
199
58
257

46
41
128
28
23
218
51
269

7.7 ± 0.4
32.2 ± 1.6
327.1 ± 16.4
226.1 ± 11.3
712.7 ± 35.6
367.2 ± 18.4
938.8 ± 46.9
1306.1 ± 65.3

14.8 ± 0.7
32.2 ± 1.6
293.9 ± 14.7
205.3 ± 10.3
627.1 ± 31.4
340.8 ± 17
832.3 ± 41.6
1173.2 ± 58.7

Figure 4. Glacier area changes between 1971 and 2018 for the
Chandra basin.

this glacier area loss could be the low accumulation
area due to higher mean altitude, smaller size and
the solar direction. Some studies have also
observed a similar retreat pattern over the Western and Central Himalaya (Bhambri et al. 2011b;
Frey et al. 2012; Patel et al. 2018; Chand et al.
2019; Das and Sharma 2019).
According to previous studies, a significant
recession has been observed in the Himalayan
glaciers during the past several decades. The study
conducted in 1971–2016 in the Jankar Chhu
Watershed region of Chandra–Bhaga basin that

Absolute area
change (km2)
7.2
48.7
33.2
20.8
85.7
26.3
106.5
132.8

±
±
±
±
±
±
±
±

Relative area
change (%)

0.4
2.4
1.7
1.0
4.3
1.3
5.3
6.6

93
15.2
12
10
12
7
12
10.2

±
±
±
±
±
±
±
±

4.7
0.8
0.6
0.5
0.6
0.4
0.6
0.5

consisted of 153 glaciers ([ 0.02 km2) with a total
area of 185.6 ± 3.8 km2, showed that the glacier
area changed from 196.0 ± 2.3 km2 (1971) to 181.4
± 3.6 km2 (2016), with a decrease of 7.5 ± 2.2%
(Das and Sharma 2019). The loss in the glacier area
ranged from 1.3 to 52.1% for 45 years from 1971 to
2016. Our study revealed that the glacier recession
for the extended study area is 10.2% between 1971
and 2018, which is within the values reported in
previous studies. However, another study in the
Chandra–Bhaga basin reported a significantly lesser glacier loss (2.5% of the total area in 30 years)
in which the glacier area decreased from 377.6 to
368.2 km2 from 1980 to 2010, a 2.49% loss in area
(Pandey and Venkataraman 2013). Similarly, for
Miyar basin, another study suggests that the loss in
the glaciated area for 166 glaciers from 1962 to
2004 was 8% (568–523 km2), lower than the present
study (Kulkarni et al. 2011). The possible cause for
this difference may be the type of satellite data
used, observation period and different years of
analysis. Kulkarni (2012) reported that for the
Bhaga basin with 111 glaciers, the areal retreat was
30%, for the Chandra basin it was 20% and for the
Parvati basin, the retreat was 20%. Another study
in the Bhaga basin from 1979 to 2017 revealed that
the glaciated area reduced from 238.0 ± 9.8 to
230.7 ± 7.0 km2, a 3.4% loss in glacier area
(Kaushik et al. 2019). Few studies have also shown
that such higher rates of retreat could be due to an
overestimation of the glacierised area in the Survey
of India base map (Bhambri and Bolch 2009).

4.3 Glacier fragmentation between 1971
and 2018
Melting and retreat of glaciers can disintegrate one
glacier into smaller glaciers. Therefore, analyzing
glacier fragmentation is one of the important
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Figure 5. Glacier area loss as per the spatial characteristics (a) glacier size, (b) mean altitude, (c) slope, and (d) aspect.

aspects of assessing the changes in glacier dynamics. In this study, an increase in the number of
glaciers (14 glaciers) was observed between 1971
(257) and 2018 (269). Our study revealed that a
larger ([5 km2) glacier of the Miyar basin has split
into three smaller ones. Similarly, glacier numbers
have increased in the Bhaga basin, Chandra basin,
and Parvati basin due to the fragmentation of
bigger glaciers between 1971 and 2018 (Bgure 6).
4.4 Snow cover variability during 2000–2019
The single most important factor for the mass
balance of a glacier is snow accumulation.
Therefore, the snow cover in the study region was
analysed using the MODIS (MOD10A2) datasets
for seasonal and annual variability in snow cover
during 2000–2019 (Bgure 7a and b). Understanding the actual trend of snow cover is difBcult due
to the limited availability of datasets and large
annual and inter-annual variability. To overcome
this, the Mann–Kendall statistical tests (trend
analysis) were employed (Bgure 8). The test was
not significant and no trend was obtained, but the
data showed slightly increasing trend of the snow

cover over the selected basins from 2000 to 2019.
The highest ([80%) snow cover was observed
during March, April, and May throughout the
study period (Bgure 7a). During the accumulation
period (November–May), the snow cover area
varied from 60 to 95%, while in the ablation
period (June–October) it was 50–70% (Bgure 7b).
In the selected region, minimum snow cover was
observed for the years 2000, 2003, 2016, and 2017,
while the maximum was observed for 2009, 2010,
2015, and 2018 years (Bgure 7). Within the last 20
years, the data reCected the declining snow cover
post-2010.
In the NW Himalaya, the region receives maximum precipitation (in form of snow) during the
accumulation period (November–May) due to the
western disturbances (WD) (Ridley et al. 2013;
Dimri et al. 2015). The precipitation variability
during the snow cover monitoring period had an
impact on the mass balance of the glaciers in the
region (Wagnon et al. 2007; Azam et al. 2012).
Rathore et al. (2018) have also reported marginally
increasing snow cover over the six major basins
including Chandra, Bhaga, and Miyar using
AWIFS data for the period 2004–2014.

Figure 6. Examples of glacier fragmentation between 1971 (lower panel) and 2018 (upper panel) for (a) Bhaga basin, (b) Chandra basin, and (c) Miyar basin.

J. Earth Syst. Sci. (2021)130:217
Page 9 of 15 217

217

Page 10 of 15

J. Earth Syst. Sci. (2021)130:217

Figure 7. Snow cover variability over the four basins of
Western Himalaya. (a) annual and (b) seasonal.

4.5 Climatic variability and its implication
on glacier responses

Figure 8. Mann–Kendall test (Z values) statistics for (a)
temperature, (b) precipitation, and (c) snow cover.

In the ERA-Interim datasets, the temperature
showed biases ranging from 9.0° to 8.3°C for the
entire region and the precipitation datasets also
indicated a bias of ±40 mm. Similar results were
obtained for the climatological datasets of the
individual basins. The potential reasons for such
large biases are the elevation differences
(3000–6200 m asl) and difference in point data and
gridded data. The corrected datasets were used for
the trend analysis for the entire region and the
individual basins.
To analyze the trend of temperature and precipitation data, Mann–Kendall trend test and Sen’s
slope estimator were applied. The obtained trends
for the precipitation and temperature and snow
cover were highly significant for some months
(negative and positive), while snow cover trends

were less significant for most of the months
(table 3). For the individual basins, the
Mann–Kendall and Sen’s slope statistics showed an
increasing trend for temperature, while decreasing
trend for precipitation (supplementary table S2).
Our study showed an increase of 0.8°C annual
mean temperature in the study area from 1979 to
2018 (Bgure 9). Further analysis revealed the
existence of stronger temperature rise (0.9°C)
during the accumulation season than the ablation
season (0.5°C) during the study period (Bgure 9).
Results from the Mann–Kendall test for temperature and precipitation data are depicted in Bgure 8
and table 3. In this test, the Z-statistics revealed a
trend for 39 years (1979–2018) for every 12 months
(January–December) for temperature and precipitation. An increasing trend was observed for

0.08
0.29
0.02
0.11
0.32
0.19
0.26
0.04
0.05
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S
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Table 3. Mann–Kendall statistics for the climatological parameters (precipitation and temperature) and snow cover.

Zvalue

Sen’s
slope

Snow Cover

Pvalue

Tau
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temperature from January to December, except for
June that showed a negative Z-value, for the study
area. Table 3 depicts Sen’s slope, indicating the
slope magnitude of monthly temperature from
January to December for 1979–2018. The temperature data for 39 years showed a negative trend for
June, while a positive trend for the rest of the year.
These results are significant as the month for which
the Mann–Kendall trend test had shown a negative
trend (June) with p-value of 0.54, the Sen’s slope
had also shown a negative trend and vice versa
(Bgure 8 and table 3).
Winter (accumulation period) warming is one of
the critical factors that aAect the cold content of
the snow and ice pack of the glaciers. Reduction in
cold content leads to faster melting of snow/ice
pack and also early exposure of glacier ice in the
ablation season. Early exposure of glacier ice could
enhance the melting rate and could be responsible
for the higher loss of the glacier area. Our results
are comparable with the study conducted over the
entire northwestern Himalayas that reported a rise
of 1.6°C in temperature during the last century
(Bhutiyani et al. 2007, 2010; Shekhar et al. 2010).
The results are also in conformity with reanalysis
and proxy-based studies in HKH region (Midhuna
et al. 2020; Sabin et al. 2020; Thompson et al.
2000).
Precipitation is one of the dominant parameters
which controls the glacier mass budget. The analysis of the ERA-Interim data suggested that there
is a decrease in precipitation from 1979 to 2018 for
the region (Bgure 9). While the observed trend for
precipitation is negative during both the ablation
and accumulation period, the Mann–Kendall trend
test revealed that it is not a monotonic trend. The
precipitation decreased by 16.2% annually, with
significantly higher reduction during the accumulation period (23.9%) compared to the ablation
period (15.4%) (Bgures 8 and 9). Overall, the trend
of precipitation was significantly negative (p =
\0.05) from 1979 to 2018.
Studies from the NW Himalayas revealed a
decreasing trend in precipitation during winters
(Bookhagen and Burbank 2006; Madhura et al.
2015; Negi et al. 2018). Another study on precipitation patterns in the Western Himalayas revealed
a decreasing trend in precipitation from 1866 to
2006 (Bhutiyani et al. 2010). The significantly
decreasing trend of precipitation over the four
glacier basins studied here has a direct implication
on glacier mass balance. The reduced snow precipitation (annual) over glaciers leads to early
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Figure 10. Trend for number of days with positive temperature during accumulation season from 1979 to 2018.

Figure 9. Trend variation in (a) precipitation and (b)
temperature from 1979 to 2018 in the four basins of Western
Himalaya.

exposure of glacier surface ice and as a consequence, leads to more melting of glacier ice.
Increased solid precipitation would protect glaciers
from melting by an increase in the albedo of the
glacier surface, thus reducing the melting rates.
The present study shows that the retreat of glaciers
in the study area from 1970 to 2018 could be
attributed to the combined eAect of increasing
temperature and decreasing precipitation.
Our study highlights the need to study the amount
and type of precipitation over glacierised region and
its inCuence on glacier health. Since the available
precipitation data cannot differentiate the solid and
liquid types of precipitation, we have estimated the
number of potential rainy days over the region during
accumulation months using air temperature as a
proxy and precipitation data. The results showed
increasing rain events for the selected accumulation
months, but there was no evidence for rain during
winters over time (Bgure 10). However, this increase
was not monotonous but varied through time. The

decadal data showed the lowest average (25 days with
max 35 and min 14 rainy days) prior to 1990, while the
highest numbers (34 days with max 45 and min 15
rainy days) for the period 2000–2009. Within the
selected basins, all have shown similar trend for the
number of rainy days (supplementary Bgure S6). The
estimates indicated an increase in rainy days (positive
degree days) during accumulation months, meaning
more time to melt the precipitated snow (Bgure 10).
The observed maximum area loss over the Bhaga and
Miyar basins highlights the impact of increasing rain
events over the region. The increased liquid precipitation in the study region has significant implications
on glacier mass balance and dynamics that would
eventually aAect glacier health.
5. Summary and conclusions
Remote sensing observations during 1971 and 2018
provided insightful information about the glacier
distribution, retreat, and fragmentation, temperature, precipitation, and snow cover variability in four
glacierised basins (Chandra, Bhaga, Miyar, and
Parvati) of the Western Himalaya. The study showed
that the major glacier mass is concentrated in the
gentle slopes (*18°) at lower altitudes (*5200 m asl)
with a northern and southern Cow in this region. The
satellite datasets (Corona KH-4B and Sentinel 2B)
revealed that the glacier area reduced by 132.8 ± 6
km2 (1306.1 ± 65 km2 in 1971 and 1173.2 ± 55 km2 in
2018), a 10.2% area loss and also the large glaciers
fragmented into smaller glaciers. Among selected
basins of the Western Himalaya, the Bhaga basin lost
maximum (14.7%), while the Chandra basin lost a
minimum (5.6%) glacier area. It was also observed
that the steep small glaciers with the eastern Cow are
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retreating faster than the large glaciers. Comparison
with climatological data from ERA-Interim reanalysis showed a clear impact of climatic variability over
the studied glaciers across the four basins. The
MODIS snow cover data during 2000–2019 showed
maximum snow cover ([80%) during March, April,
and May months of the year. The snow cover over the
region has shown huge annual and inter-annual
variability, controlled by the western disturbances.
The Mann–Kendall test for climate datasets showed
that while temperature has been systematically
increasing during 1979–2019, precipitation has been
decreasing. Interestingly, while the precipitation is
decreasing, the liquid precipitation has been
increasing in this region, especially during accumulation months. The increased liquid precipitation
during spring (March–May) could be a critical factor
other than the increased temperature for the glacier
recession in the Western Himalaya.
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