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Abstract: The study investigated the streamflow 
response to the shrinking cryosphere under changing 
climate in the Lidder valley, Upper Indus Basin (UIB), 
Kashmir Himalayas. We used a combination of multi-
temporal satellite data and topographic maps to 
evaluate the changes in area, length and volume of the 
glaciers from 1962 to 2013. A total of 37 glaciers from 
the Lidder valley, with an area of 39.76 km2 in 1962 
were selected for research in this study. It was 
observed that the glaciers in the valley have lost 
~28.89 ±0.1% of the area and ~19.65 ±0.069% of the 
volume during the last 51 years, with variable inter-
decadal recession rates. Geomorphic and climatic 
influences on the shrinking glacier resources were 
studied. 30-years temperature records (1980-2010) in 
the study area showed a significant increasing trend 
in all the seasons. However, the total annual 
precipitation during the same period showed a non-
significant decreasing trend except during the late 
summer months (July, August and September), when 
the increasing trend is significant. The depletion of 
glaciers has led to the significant depletion of the 
streamflows under the changing climate in the valley. 
Summer streamflows (1971-2012) have increased 
significantly till mid-nineties but decreased 
significantly thereafter, suggesting that the tipping 
point of streamflow peak, due to the enhanced 
glacier-melt contribution under increasing global 
temperatures, may have been already reached in the 
basin. The observed glacier recession and climate 

change patterns, if continued in future, would further 
deplete the streamflows with serious implications on 
water supplies for different uses in the region. 
 
Keywords: Glacier Mapping; Glacier Volume; 
Climate Change; Streamflow; Himalayas 

Introduction  

The Himalayas, referred as the ‘water tower of 
Asia’ due to its vast glacier resources, provide water 
to the population of about a billion living in the 
Indus, Ganges and Brahmaputra basins. However, 
glaciers are sensitive to the changes in temperature 
and precipitation (Oerlemans 1994; Anderson and 
Mackintosh 2006) and are depleting at varying 
rates (Cogley 2016; Dobhal and Pratab 2016; 
Murtaza and Romshoo 2017). Himalayan glaciers, 
since the mid-19th century are in a continuous state 
of recession in response to the long term 
temperature changes over the region (Bahuguna et 
al. 2007; Bhambri et al. 2011; Salerno et al. 2016). 
The accelerated loss of glaciers over Himalayas and 
its anticipated impact on streamflows has attracted 
the attention of researchers over the past few 
decades and implications are a cause of concern for 
the scientific and political communities (Bolch et 
al. 2012; Kulkarni and Karyakarte 2013). The 
increasing temperatures have serious 
consequences on the hydrology of regions where 
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streamflows are dominated by snow- and glacier-
melt (Bajracharya et al. 2008). In the Upper Indus 
Basin (UIB), snow- and glacier-melt contributes 
more than 70% to the annual streamflows 
(Immerzeel et al. 2009); hence the streamflows in 
the glaciated basins are highly vulnerable to 
climate change. Recent studies have linked the 
significant changes in the streamflows of the 
Himalayan rivers to the accelerated shrinking of 
glaciers (Immerzeel, et al. 2010; Romshoo et al. 
2015). According to the IPCC (2014), an increase of 
1.8oC in Earth’s average surface temperature shall 
shrink the Himalayan glaciers by 45% by the end of 
this century, and under the worst warming 
scenario of 3.7oC projected for 2100, the glacial 
reduction would be up to 68% and would seriously 
impact the streamflows. 

In Kashmir Himalayas, the indicators of global 
warming are clear and loud in terms of increase in 
temperature, enhanced receding of snow and 
glacier resources, decrease in snow precipitation 
and depleting streamflows  (Dar and Romshoo 
2012; Romshoo et al. 2015). The recent studies 
have shown that the snow precipitation over Lidder 
basin has reduced in response to increasing 
temperature (Mishra and Rafiq 2016, Romshoo et 
al. 2015), which in turn has resulted in less 
accumulation of snow over the glaciers, thus 
leading to negative glacier mass balance (Murtaza 
and Romshoo 2017). The continued reduction in 
the stored frozen water in the Kashmir Himalayas 
will lead to various socio-economic and 
environmental problems in future like decline of 
hydropower generation, decrease in agriculture 
productivity, fall in winter tourism and drinking 
water scarcity (Dar et al. 2014; Muslim and 
Romshoo 2015). Even though the cryospheric 
resources in Kashmir Himalayas are vulnerable 
and the impacts on various dependent sectors are 
serious, the region has remained under-studied. 
Therefore, it is of utmost importance to map and 
monitor the glacier changes in the region to assess 
the climate-glacier relationship and the consequent 
impact on the streamflows in the Lidder valley, 
Upper Indus Basin, Kashmir Himalayas.  

The present study focuses on the causal factors 
for the shrinking of glaciers and the consequent 
impacts on the streamflows. The main objectives of 
the study are (i) to map the glacier area and volume 
changes from 1962 to 2013 using multiple data 

sources; (ii) an analysis of the climatic data to get 
an insight about the influence of climatic variables 
on glacier recession; and (iii) streamflow data 
analysis corroborated with the climatic data to 
elucidate the complex response of streamflows to 
the shrinking glacier resources. 

1    Study Area 

Lidder valley, with the total geographical area 
of ~1260 km2, lies in the south-eastern part of the 
Kashmir basin, North-western Himalayas and 
extends between 33o15′ - 34o30′ N latitudes and 
75o30′ - 75o45′ E longitudes, (Figure 1). It has a 
craggy topography with highly varying elevation 
ranging from 1500-5200 m a.s.l., and hosts many 
glaciers including the largest glacier in the Kashmir 
basin, the Kolahoi (Rashid et al. 2017; Ali et al. 
2017). Lidder River, which is one of the biggest 
tributaries of Jhelum River originating from the 
Kolahoi glacier (West torrent) and Sheshnag Lake 
(East torrent); join near Pahalgam to form Lidder 
River. During the winter months, a major part of 
the valley remains under a vast and thick snow 
cover (Dar et al. 2014), which sustains the mass of 
glaciers in the valley and preserves the perennial 
character of the Lidder river. The climate of the 
Lidder valley is sub-humid temperate and exhibits 
four seasons; spring, summer, autumn and winter. 

Figure 1 Location map of the study area. 
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It receives precipitation predominantly during the 
winter and spring; though winter precipitation is 
highly dominated by snow. The mean annual 
precipitation in the area is 1240 mm, recorded at 
the Indian Meteorological Department (IMD) 
station, Pahalgam. The mean annual temperature 
is 9.5oC, varying from monthly mean of 19oC in 
July to the monthly mean of -1.7oC in January.  

2    Data Sources 

Multi-temporal satellite data including the 
images from Landsat-5 Thematic mapper (1992), 
Landsat-7 Enhanced Thematic Mapper ETM+ 
(2000) and Landsat-8 Operational Land Imager 
OLI (2013), all having 30 m spatial resolution, 
were used to map the temporal changes in the 
glacier area in the study area. Preferably, cloud- 
and snow-free satellite images, acquired at the end 
of the ablation period, were used for mapping the 
glacier boundaries (Racoviteanu et al. 2009). 
Survey of India (SOI) topographic maps at 
1:50,000 scale were used to extend the glacier 
investigations further back in time to 1962. 
Advanced Space-borne Thermal Emission and 
Reflection Radiometer (ASTER) Digital Elevation 
Model (DEM v.2) was used to generate the slope, 
aspect and elevation details of the glaciers to aid 
the delineation of glacier boundaries. The 
characteristics of the data sets used in this research 
are given in Table 1. 

Meteorological data (daily precipitation, Tmax 
and Tmin) of the last 30 years (1980-2010) was 
acquired from the Indian Meteorological 
Department, Pahalgam observatory and the 
streamflow discharge data (1971-2012) of the 
Batakote gauging station, near Pahalgam was 
obtained from the Irrigation and Flood Control 
Department, J&K Government for hydro-
meteorological analysis. The discharge data 
obtained from the Batakote station generally 
comprises of 3-4 measurements per month and 

therefore, monthly average discharge values were 
used in this study. 

3    Methodology 

3.1 Glacier mapping 

The climate-glacier interactions and its impact 
on streamflow in the study area was assessed by 
analyzing the temporal changes in the surface area 
and volume of the glaciers under the changing 
climate using multi-temporal multisource data 
sets. All the satellite images were visually 
interpreted onscreen using digital False Color 
Composition (FCCs) to delineate the glacier extent 
in GIS environment (Paul et al. 2009; Pandey et al. 
2011). The ASTER DEM v.2 was used to generate 
the unique morphological details of the glaciers for 
better and precise delineation of the true glacier 
boundaries, ice divides and snout positions 
(Svoboda and Paul 2009). The location of lateral 
and terminal moraines identified on the satellite 
images were used for the identification of snout 
positions in particular and whole glacier 
boundaries in general (Bolch and Kamp 2006). 
Moreover, the stream network delineated from 
ASTER DEM v.2 and satellite images, corroborated 
with the field observations, provides a better idea 
about delineating the true position of glacier 
snouts, by considering snout as the emergence 
point of glacier streams. Furthermore, the length of 
glaciers was measured by digitizing the centre flow 
lines of the glaciers in GIS environment (Le Bris 
and Paul 2013; Pellicciotti et al. 2015). 

3.2 Mapping accuracy 

Glacier boundaries digitised from a time series 
of satellite images and Topographic maps do 
introduce uncertainty in the mapping accuracy. 
The satellite data may have different spatial 
resolution, varying snow cover, clouds and shadow 

Table 1 Data sets used, their spatial resolution/scale and acquisition date

Sensor/Image/Maps Resolution/Scale Acquisition date Source
Topographic Maps 1:50000 1962 Survey of India
Landsat TM 30m October 15, 1992 http://earthexplorer.usgs.gov/ 
Landsat ETM+ 30m September 30, 2000 http://earthexplorer.usgs.gov/ 
Landsat OLI 30m October 27, 2013 http://earthexplorer.usgs.gov/ 
ASTER GDEM v.2 30m http://gdem.ersdac.jspacesystems.or.jp/
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conditions which might introduce errors in the 
mapping work. Even though the satellite images of 
same spatial resolution (30 m) were used in the 
current study, the glacier area delineation and co-
registration of satellite data can introduce errors in 
the estimation of glaciers area changes. Therefore, 
it is important to estimate the mapping accuracy to 
improve the significance of the findings. Paul et al 
(2013) have reported that the mapping of clean 
glaciers would introduce an uncertainty of ±2-3%, 
while under ideal conditions, the glacier mapping 
accuracy could be as high as half-pixel (Bolch et al. 
2010). In the present study, the uncertainty (U) 
introduced while mapping the changes in the 
glacier terminus positions was estimated by the 
method (Eq. (1)), as suggested by Hall et al. (2003). ܷ = √ܽଶ + ܾଶ +  (1)                           ߪ

Where a and b are the spatial resolution of satellite 
images used and σ represents the error in image 
registration.  

The registration error was visually confirmed 
as 8 m for Landsat TM (1992) and 7 m for 2000 
Landsat ETM+ when registering these images with 
the base image of Landsat OLI 2013 and similar co-
registration error has been reported by Murtaza 
and Romshoo (2017) for the co-registration of a 
time series of satellite images with same spatial 
resolution. For computing the mapping errors 
between any two images, registration error was 
added to the uncertainty value. Thus, the 
uncertainty in mapping the changes in the snout 
position of glaciers was estimated as ±50.42 m 
when registering the Landsat TM image of 1992 
with the base image Landsat OLI (2013), and 
±49.43 m when registering the images with the 
Landsat ETM+ image of 2000.  

The uncertainty in mapping the glacier area 
(Uarea) was estimated by using the following 
equation (Hall et al. 2003). 

ୟܷ୰ୣୟ = 2ܷܸ																					         (2) 

Where U is the terminus uncertainty and V is the 
image pixel resolution.  

The uncertainty in mapping the areal extent of 
the glaciers was estimated to be 0.0030 km2 for 
1992 TM image and 0.0029 km2 for 2001 ETM+ 
image. The accuracy of the topographic maps is 
considered as unknown (Hall et al. 2003), however 
the mapping uncertainty using topographic maps is 
much higher than satellite images and therefore we 

assumed  the uncertainty error as twice of that 
calculated for the Landsat TM, i.e. 16 m. 

3.3 Glacier volume estimation 

Volume of the glaciers was estimated using 
slope dependent thickness approach (Haeberli and 
Hoelzle 1995; Frey et al. 2014). Surface slope of the 
glacier is the prime factor that governs the 
thickness of glacier ice, which means that steeper 
glaciers tend to have thinner ice and vice versa 
(Linsbauer et al. 2009). However, it also depends 
on various other factors such as plasticity of the 
glacier, basal sliding and horizontal to vertical 
extent ratio of the glaciers. Therefore, 
simplifications are added to the force equations in 
the slope dependent method for estimation of the 
glacier volume as has been discussed in details by 
Linsbauer et al. (2012) and Frey et al. (2014). 
Subsequently, the thickness d (m) of a glacier is 
calculated by using the following equation. ݀ = ఛఘ௚௙௦௜௡ఈ                                  (3) 

where ߩ is the density of glacier ice (900 kg/m3), g 
is acceleration due to gravity (9.81 m/s2) and f is 
the shape factor (0.8) constant for valley glaciers. 
The shape factor f is basically related to the friction 
of a glacier body with its valley walls and is the 
ratio between cross-sectional area of a glacier and 
its perimeter (Paul and Linsbauer 2012),	ߙ is the 
mean slope of a glacier. The basal shear stress ߬ 
(Pa) is a function of elevation range and is 
calculated by the Eq. (4) (Haeberli and Hoelzle 
1995), ∆ℎ  is elevation range in km and the 
maximum value for ߬ is 1.5 bars for ∆ℎ equal to or 
larger than 1.6 km. ߬ = 0.005 + 1.598∆ℎ − 0.435∆ℎଶ            (4) 

The slope ߙ for the year 1962 was calculated 
from the SOI topographic maps using elevation 
range ∆ܪ and glacier length l ߙ = ݊ܽݐܿݎܽ ∆ு௟                               (5) 

The glacier slope for the year 2013 was 
computed from the ASTER GDEM v.2. Generally 

Table 2 Slope Correction factor for different Glacier 
sizes 

Glacier Area (km2) Slope Correction factor
> 20 -10 
5 - 20 -5 
< 5 -2.5 
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the slope calculated from the DEM in GIS 
environment is higher as compared to the slope 
calculated through arctan method, therefore a 
correction factor was introduced to reduce the 
uncertainty (Frey et al. 2014), as shown in Table 2. 
Furthermore, Frey et al. (2014) suggested that the 
estimated depth along the centre flow line could be 
extrapolated to the entire glacier area by 
multiplying a constant ߨ 4⁄  to the mean thickness 
assuming the semi-elliptic cross-sectional 
geometry of a glacier.  

Nonetheless, it is important to mention here 
that the accuracy of the above method could not be 
estimated due to the lack of Ground Penetrating 
Radar (GPR) instrument that could have been used 
to measure the glacier depths in the field. However, 
Farinotti et al. (2016) compared the performance 
of different approaches using surface 
characteristics to estimate the ice thickness of 
glaciers and ice caps. The Glabtop model 
(Linsbauer et al. 2012), which uses the same 
principal for measuring glacier depth as slope-
dependent method, has performed comparatively 
better than many other models that were compared 
in their study, with the average deviation of -
16±46%, from the GPR measurements of glacier 
thickness. 

3.4 Statistical analysis of Hydro-
Meteorological Data 

The time series of temperature (Tmax and Tmin), 
precipitation (1980-2010) and streamflow data 
(1971-2012) was analysed statistically using non-
parametric Mann-Kandall test, to determine the 
magnitude and significance of the trends in the 
data (Mann 1945; Kendall 1975; Hamed 2008). 
Glacier melt is expected to be the dominant 
component in streamflow during the late summer 
months (July, August and September). Thus, 
detailed analyses of the hydro-meteorological 
variables recorded during the period were carried 
out using the standard statistical methods. The 
Mann-Kendall statistics S, V(S) and standardized 
test statistics Z were calculated using the following 
mathematical equations: 

ܵ = ෍ ෍ ൫݃݅ݏ ௝ܺ − ௜ܺ൯,௡
௝ୀ௜ାଵ

௡ିଵ
௜ୀଵ  

൫݊݃ݏ ௝ܺ − ௜ܺ൯ = ൝+10−1						 ݂݅	൫ ௝ܺ − ௜ܺ൯ > 0݂݅	൫ ௝ܺ − ௜ܺ൯ = 0݂݅	൫ ௝ܺ − ௜ܺ൯ < 0, 
ܸሺܵሻ = 118 ቎݊ሺ݊ − 1ሻሺ2݊ + 5ሻ

−෍ݐ௣൫ݐ௣ − 1൯൫2ݐ௣ + 5൯௤
௣ୀଵ ቏ 

ܼ = ۔ە
ۓ ௌିଵඥ௏஺ோሺௌሻ0ௌାଵඥ௏஺ோሺௌሻ

݂݅ܵ > 0݂݅ܵ = 0݂݅ܵ < 0.                      (6) 

ܺ	݅	 and ܺ	j represents the time series observations 
in chronological order, ݊	 is the length of time 
series, ݐ	p is the number of ties for ݌	th value, and ݍ	 
is the number of tied values. Upward trend in the 
hydrologic time series is indicated by the positive ܼ	 
values; negative ܼ	 values indicate a negative trend. 
Statistically significant trend exists in hydrological 
time series if |ܼ	| > ܼ	1-ߙ	2/ and H0 is rejected. The 
critical value of ܼ	1-ߙ	2/ is 1.96 (from the standard 
normal table) for the p = 0.05. 

4    Results and Discussion 

4.1 Glacier area changes (1962-2013) 

Analysis of the multi-temporal data shows that 
the glacier area of the 37 glaciers in the Lidder 
valley has significantly reduced from 39.76 km2 in 
1962 to 28.27 km2 in 2013, a decrease of 11.49 km2 
of glacier area i.e. 28.89±0.1% in 51 years at the 
rate of 0.57±0.002% yr-1. The glacier area change 
was 15.14±0.15% (1962 to 1992), 8.5±0.2% (1992 to 
2000) and for the period between 2000 and 2013 
the glacier recession was 8.4±0.11%. The glacier 
extent in different years is shown in Figure 2. 
Several studies have reported a higher melting rate 
of glaciers in the Himalayan regions compared to 
the other parts of world, with maximum recession 
rate reported from the state of Jammu and 
Kashmir (Bolch et al. 2012; Kääb et al. 2012). 
Moreover, a significant recession of the total glacier 
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length was observed in the region since 1962. The 
total length of the 37 studied glaciers in 1962 was 
63 km which reduced to 54.80 km in 2013 i.e. 
approximately a shortening of 8.20 km during the 
last 51 years. Furthermore, fragmentation and 
disappearance of small and lower elevation glaciers 
is a common phenomenon since 1960s in the 
Himalayan region (Byers 2007; Bhambri et al. 
2011). Pertinently, four of the 37 investigated 
glaciers G-66, G-123, G-124 and G-132, have 
fragmented and one glacier (G-75) has vanished 
during the observation period, thus effectively the 
number of glaciers in the study area has increased. 
The number of glaciers and glacier area over the 
time is given in the Table 3. 

To have a better understanding of the glacier 
recession observed in the area, the investigated 
glaciers were grouped into three categories based 
on their size. The changes in areal extent of the 
glaciers in each category are given in Table 4. 
Smaller glaciers (size < 1 km2) have shown the 
maximum recession and lost 56.81±0.13% of their 

area between 1962 and 2013. Contrary, the 
medium sized glaciers (1-5 km2) and the large 
glaciers (area > 5 km2) have lost 23.78±0.22% and 
20.74±0.14% of their area respectively since 1962. 
It is pertinent to mention here that the maximum 
number of investigated glaciers in the study area 
are less than <1 km2 in the size. Kumar et al. 

 
Figure 2 Glacier Extent in 1992, 2000 and 2013 in the Lidder valley; and zoomed view of Kolahoi and Shishram 
Glaciers 

Table 3 Number of glaciers and the total glacier area in 
different years in Lidder valley  

Year Sensor/Source No. of 
Glaciers 

Area Extent 
(km2) 

1962 Topographic maps 37 39.76
1992 Landsat TM 40* 33.74
2000 Landsat ETM+ 40 30.87
2013 Landsat OLI 41* 28.27
Note: * fragmentation of glaciers. 
 
Table 4 Glacier area loss (%) under different size 
categories (1962-2013) 
Glacier Size Category Area loss (%)
Less than 1 km2 56.81 
1-5 km2 23.78 
Above 5 km2 20.74 
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(2009) reported that smaller glaciers are more 
vulnerable to changing climate. Furthermore, 
smaller glaciers have comparatively small 
accumulation area which in turn is reflected in 
their negative mass balance (Huss and Farinotti 
2012). It is evident from Figure 3a that smaller 
glaciers have lost more area than larger glaciers in 
the study area and thus seem to be more sensitive 
to the climate change (Grudd 1990).  

Various studies suggest that altitude of a 
glacier determines its shrinking pattern and lower 
altitude glaciers tend to recede more rapidly (Byers 
2007; Fujita and Nuimura 2011; Wang et al. 2015). 
Therefore, the impact of the snout altitude on 
glacier recession was assessed by categorising 
glaciers on the basis of their snout altitude. The 
snout altitude of glaciers in 1962 ranged from 3430 
to 4420 m a.s.l. and were categorised into two 
altitudinal classes, <4000 m a.s.l. and >4000 m 
a.s.l. Out of the 37 glaciers, 13 glaciers had snout 
altitudes at <4000 m a.s.l. Among these low snout 
altitude glaciers, 7 glaciers were small in size (area 
< 1 km2), 4 glaciers were medium sized (1-5 km2) 
and 2 glaciers were large sized (area > 5 km2). The 
small glaciers in <4000 m a.s.l. category have lost 
57.44±0.5%, medium sized glaciers lost 

23.35±0.33% and the large glaciers lost 
20.74±0.14% of the area from 1962 to 2013. 
Further, the combined area loss of glaciers with 
snout altitudes <4000 m a.s.l. from 1962 to 2013 
was 23.94±0.1%. However, in the >4000 m a.s.l. 
snout altitude category, there are 24 glaciers 
including 22 small sized glaciers (area <1 km2) and 
2 medium sized glaciers (area 1-5 km2). The 
combined recession observed for the glaciers 
with >4000 m a.s.l. snout altitude is 44.84±0.14%. 
The small-sized glaciers in the >4000 m a.s.l. have 
lost 56.59±0.18% and the medium-sized glaciers in 
the attitude category have lost 24.75±0.7% area. It 
is evident from the results that the size of the 
glaciers predominantly controls the glacier 
recession process irrespective of the snout or 
minimum altitude of glaciers (Figure 3a and 3b). 
Contrary, in other western Himalayan basins like 
Tirungkhad and Chandra basins lower altitude 
glaciers have receded more rapidly than the higher 
altitude glaciers (Mir et al. 2014; Tawde et al. 
2017). This discrepancy could be explained by the 
fact that a large number of smaller glaciers are 
lying at higher altitudes in the Lidder valley, which 
are showing higher recession, as the small glaciers 
are more sensitive to climatic change (Basnett et al. 

 
Figure 3 Scatter plots (a) Glacier area loss (%) vs Glacier Area, (b) Glacier area loss (%) vs Minimum Elevation (c) 
Glacier area loss (%) vs Mid-Elevation and (d) Glacier area loss (%) vs Slope (o). 
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2013; Colucci and Guglielmin 2015). The number 
of smaller glaciers at higher altitudes (>4000 m) is 
thrice than the number at the lower altitude (<4000 
m a.s.l.). Other glacier characteristics like mid-
elevation and mean slope of glaciers did not 
significantly affect the receding pattern of the 
glaciers in the study area, as is evident from Figure 
3c and 3d. Thus, it is apparent that the pattern of 
glacier recession in the Lidder valley is more 
dominated by the size of glaciers than any 
topographic factor. Furthermore, the aspect of the 
investigated glaciers was used to evaluate its 
impact on glacier melting as the glacier aspect has 
been reported to affect the glacier recession (Wang 
et al. 2009). The dominant aspect of most of the 
glaciers varies between Northeast, North and 
Northwest. Results showed that the south facing 
glaciers have lost more area than the north facing 
glaciers as depicted in Figure 4. This observation is 
similar to various other studies carried out in 

different Himalayan glaciated basins (Deota et al. 
2011; Bhambri et al. 2011). 

The glacier recession pattern observed in the 
Lidder valley was compared with the studies from 
adjacent regions e.g. Greater Himalayan, Zanskar 
and Ladakh ranges (Nathawat et al 2009; Schmidt 
and Nüsser 2012, 2017; Chudley et al 2017). It is 
evident that the glacier recession rate observed in 
the Lidder valley is higher than the recession rate 
in the adjacent Himalayan regions (Table 5) but the 
patterns of recession are similar (Kulkarni et al 
2007). According to Schmidt and Nusser (2012), 
small glaciers (< 1 km2) from Kang Yatze Massif in 
Trans-Himalayas have receded at higher rate (0.5% 
yr-1) compared to the larger glaciers. However, 
small glaciers (< 1 km2) in the Lidder valley have 
receded at much higher rate (1.1% yr-1) than the 
glaciers of same size in Kang Yatze region. 
Similarly, in Garhwal Himalayas, glaciers < 1 km2 
in size have receded at 0.5% yr-1 during the period 
from 1968 to 2006 (Bhambri et al. 2011), and much 
lower glacier recession rate has been reported for 
the debris-covered glaciers (0.1% yr-1) in the 
Khumbu Himalayas (Bolch et al. 2008).  

Higher recession rate of glaciers, particularly 
of the small glaciers, in the Lidder valley could be 
partly attributed to the lower mean altitude of 
glaciers in the Lidder valley compared to the 
glaciers in its proximal regions. Moreover, the 
changing climatic parameters including the higher 
rate of increasing temperature and changing form 
of precipitation (snow to rain) could be the other 
possible reasons for higher glacier recession rates 
observed in the Lidder valley (Rashid et al. 2017; 
Romshoo et al. 2015). Furthermore, Bhat et al. 
(2017) have ascribed the faster melting of the 

 
Figure 4 Number of glaciers with their dominant aspect 
and area loss (%) (1962-2013). 

Table 5 Glacier area changes (%) and recession rate (% yr-1) in different Himalayan ranges and basins 

Authors Region/Basin Glaciers  
monitored

Observation 
period 

Area change 
(%) 

Recession 
rate (% yr-1) 

Nathawat et al. (2008) Doda Valley Zanskar - 1962-2001 -18.0 0.46
Schmidt and Nüsser (2012) Kang Yatze Massif 121 1969-2010 -14.3 0.3 

Schmidt and Nüsser (2017) 

Central 
Ladakh 
Range 

Phutse Glacier -

1969-2016

-18.9 0.4 
Nangtse Glacier - -13.3 0.28
Hemis Shukpachan 
catchment* - -38 0.8 

Stok Range - -22.39 0.47
Lungser Range - -17.7 0.37

Koul et al. (2016) Drass Area - 1965-2013 -16.63 0.34
Chudley et al. (2017) Ladakh Range 657 1991-2014 -12.8 0.55

Current Study Lidder Valley 
(Kashmir Basin) 37 1962-2013 -28.89 0.57 

Note: *Including perennial snowpacks. 
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glaciers to the higher concentration of observed 
Black Carbon (BC) in the Kashmir Himalayas. 
Besides this, Ali et al. (2017) have reported that the 
glaciers in Kashmir basin are relatively clean glaciers 
or are feebly covered by debris, which could be one 
among the various reasons for the enhanced glacier 
melting observed in the Lidder valley. 

4.2 Glacier volume changes (1962-2013) 

Surface area is one of the indicators of the ice 
volume stored in a glacier, thus larger the area, 
more is the volume of glacier (Meier and Bahr 
1996). Volumetric estimates of the investigated 37 
glaciers show that the total volume has 
considerably reduced from 1.73 km3 in 1962 to 1.39 
km3 in 2013, a total loss of ~0.34 km3 
(19.65±0.069%) at the rate of ~0.38 ±0.001% yr-1 
during the past 51 years. The combined glacier 
volume changes in different glacier-size categories 
from 1962 to 2013 are given in Table 6. Estimates 
show that the volume of small sized glaciers (area 
<1 km2) has reduced by ~56±0.13% while as the 
large-sized glaciers (area >5 km2) have lost only 
~10±0.07% of their volume during the last 51 
years. Again, this indicates the high susceptibility 
of the smaller sized glaciers to the changing 
climate. The large glaciers have comparatively 
larger accumulation area and have tributary 
glaciers, which contribute ice mass to the main 
glacier, thus slowing down the overall glacier 
retreat (Nainwal et al. 2008).  

4.3 Trends in the Climate Data 

Temperature and precipitation data recorded 
at Pahalgam meteorological station from 1980-
2012 was analyzed to investigate the trends in the 
climatic parameters. The records were analyzed for 
significance of the trends using Mann-Kendall test 
(Yue et al. 2002; Hamed 2008). The analyses of 
mean yearly temperature showed a statistically 
significant increasing trend at a < 0.01 and the Z 
statistic value was more than 2.576, which 

indicates the high significance of the increasing 
trend. Strong and statistically significant increasing 
trends exist in both mean annual minimum and 
maximum temperature records at a < 0.01 as 
shown in Figure 5. This indicates that a positive 
relationship exists between the observed glacier 
recession and the increasing trend of temperatures 
observed in the study area. 

Precipitation is an important climatic 
parameter that controls the overall health of a 
glacier. In Lidder valley, statistical analysis of the 
precipitation records (1980-2010) showed a non-
significant decreasing trend (Figure 6). However, 
Romshoo et al. (2015) stated that there is a change 
in the form of precipitation in the valley from snow 
to rain; particularly during the winter months 
(DJF), which is one of the important factors that 
describes the negative mass balance of glaciers in 
the Lidder basin (Murtaza and Romshoo 2017). 
The decreasing winter snowfall observed in the 
region together with the increasing temperatures 
leads to the rapid disappearance of seasonal snow 
cover in Kashmir Himalaya (Singh and Kumar 
1997; Dar et al. 2014). Consequently, the early 
disappearance of the winter snow could accelerate 
the glacier melting by exposing the glacier surface 

Table 6 Glacier volume changes in different size categories from 1962 to 2013

Size Category Ice Volume (1962) Ice Volume (2013) Volume Change (km3) Change in %
Small (< 1 km2) 0.11 0.05 0.06 56.59 
Medium (1-5 km2) 0.45 0.29 0.16 35.34 
Large (> 5 km2) 1.17 1.05 0.11 9.82 
Total 1.73 1.39 0.34 19.65 

           Year 
Figure 5 Inter-annual variation and trends in annual 
minimum, maximum and average temperature 
recorded at Pahalgam station (1980-2010). 
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to direct sunlight for longer periods. Contrary to 
the total annual precipitation, the seasonal 
precipitation records show that the precipitation in 
the late summer season (July August and 
September) for the last 30 years has increased 
significantly (Figure 7). This indicates the 
complexity of the changing climate in the region, as 
one of the important meteorological parameter like 
precipitation is not showing uniform response to 
the changing climate in the region. 

4.4 Trends in Hydrological Data  

The time series of streamflow data of the 
Lidder river for the last 41 years (1971-2012) was 
statistically analyzed to determine and understand 
the changes in the streamflow regime. The glacier-
melt is assumed to be the dominant component in 
the streamflows of Lidder river in the late summers 
(JAS) because most of the seasonal snow in the 
basin depletes significantly by the end of June (Dar 
et al. 2014). Consequently, the streamflow during 
the summers is dominated by glacier-melt and the 
runoff from the precipitation events. The Mann-
Kendal analysis of the late summer discharge data 
(JAS) for the last four decades in the Lidder valley 
showed a non-significant decreasing trend with a 
significance level of 90% (Figure 8). A 
comprehensive analysis of the streamflow data of 
JAS months from 1971-2012 showed that the 
discharge in this season has significantly increased 
till mid 1990s and significantly decreased 
thereafter, even though the precipitation since 
mid-1990s for the JAS months has increased 
significantly (Figure 9). The decreasing 
streamflows observed under the increasing 
precipitation is primarily due to the significant 
depletion of the glacier cover and mass in the valley 
during the last 5-7 decades. Recent studies have 
shown that due to the accelerated melting of 
glaciers, glacier-fed streams observe an increase in 
the discharge for a certain period of time and 
subsequently show a decrease with the reducing 
ice-mass (Rees and Collins 2006; Thayyen and 
Gergan 2010).  

The findings therefore suggest that the 
enhanced melting of the glaciers in the Lidder 
valley have significantly contributed to the 
increasing streamflows during the first three 
decades (1971-2000) of the observation period. 

With the significant loss of the ice mass (19.65%), 
the contribution of glacier-melt to the streamflow 
reduced thereafter as reflected by the depleting 

 
Figure 6 Inter-annual variation and trend in Total 
Annual Precipitation records at Pahalgam station (1980-
2010). Dotted line is the linear trend. 
 

 
Figure 7 Trend in total Precipitation of late summer 
months (July, August and September) recorded at 
Pahalgam station from 1980-2010. 

 
Figure 8 Inter-annual variation and trend in average 
summer discharge records measured at Batakote 
gauging station. 
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streamflow of the Lidder river. Thus, the observed 
decrease in the streamflows of Lidder river is a 
clear indication of the response to the shrinking 
glaciers under changing climate change in the 
region. Moreover, the change-point in the 
discharge data was found in the mid-1990s. This 
suggests that the streamflows have peaked in the 
valley in mid-nineties due to the enhanced glacier-
melt and might have reached the tipping point 
wherefrom the streamflows will keep decreasing 
with the further reduction in the contribution from 
the glacier-melt under changing climate. 

5    Conclusions 

From the statistical analyses of the times series 
of the climatic data, it was observed that the 
temperature, both Tmax and Tmin, has significantly 
increased over the area since the last 30 years. It 
was observed that the overall precipitation during 
the period 1980-2010 has not significantly 
changed, however a significant increasing trend 
was observed in the precipitation during summer 

season indicating the complexity of the changing 
climate in the area. Glaciers in the valley are in the 
retreating state since 1962 (a loss of 28.89±0.1% 
from 1962-2013), with the variable recession rates 
observed during different observational periods 
(1962-1992, 1992-2000 and 2000-2013). From 
1962 to 1992, glaciers lost 15.14% ±0.15% of their 
area, with an annual retreating rate of 
0.51±0.005% yr-1. The observation period from 
1992 to 2000 witnessed a glacial area loss of 
8.50±0.20% at the rate of 1.1±0.02% yr-1 and 
8.40±0.11% of glacier area loss was observed from 
2000 to 2013 at the rate of 0.65±0.009% yr-1. 
Furthermore, the volume of mapped glaciers in the 
Lidder valley has reduced by ~19.65±0.069% from 
1962 to 2013. The shrinking of glaciers in the 
region is due to the increasing temperatures and 
the change in the form of precipitation (from snow 
to rain) observed in the region during winters. The 
streamflow shows an overall decreasing trend in 
the summer months; however an increasing trend 
was observed in the streamflow from 1971 to 1995 
primarily due to the enhanced glacier-melting 
during the period. Conversely, a significant 
decreasing streamflow was observed from 1996 to 
2012, despite the increasing summer precipitation, 
mainly due to the reduced contribution of the 
glacier melt to the streamflows from the depleted 
ice-mass in the valley i.e. ~19.65% during the last 
five decades. The study suggests that the observed 
changes in the climate, the shrinking of glaciers 
and the depleting streamflows, if continuing in the 
future, will adversely affect the availability of water 
in the study area, especially during the summers 
when it is needed the most.  
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