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Abstract: Glaciers in the northern Pakistan are a 
distinctive source of freshwater for the irrigation, 
drinking and industrial water supplies of the people 
living in those regions and downstream. These 
glaciers are under a direct global warming impact as 
indicated in many previous studies. In this study, we 
estimated the glacier dynamics in terms of 
Equilibrium Line Altitude (ELA), mass balance and 
the snout position variation using remote sensing 
data between 2001 and 2018. Six glaciers, having area 
≥  20 km2 each, situated in the Chitral region 
(Hindukush Mountains) were investigated in this 
study. Digital Elevation Model (DEM) and available 
cloud-free continuous series of Landsat and Sentinel 

satellite images from minimum snow cover season 
were used to monitor the variability in the studied 
glaciers by keeping the status of glaciers in year 2001 
as a reference. The annual climatic trends of mean 
temperature and total precipitation from Chitral 
weather station were detected using the non-
parametric Mann-Kendall’s test. Results revealed a 
general increase in the ELA, decrease in the glacier 
mass balance and the retreat of snout position. 
Average upward shift in the ELA for the entire study 
area and data period was ~345 ± 93 m at a rate of  
~13 m.a−1 from the reference year’s position i.e. 
~4803 m asl. Estimated mean mass balance for the 
entire study area indicated a decline of −0.106 ± 0.295 
m w.e. a−1. Periods of snout retreat and advance in 
different glaciers were found but the mean value over 
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the entire study area was a retreat of −231 ± 140 m. 
No obvious relationship was found between the 
glacier variation trends and the available gauged 
climatic data possibly due to the presence of debris 
cover in ablation zones of all the studied glaciers 
which provides insulation and reduces the immediate 
climatic effects. 
 
Keywords: Glacier dynamics; Hindukush region; 
Sentinel; Landsat; Mass balance; Equilibrium Line 
Altitude; Snout position.  

Introduction  

Mountain glaciers are the earth’s freshwater 
ecosystems and essential components of global 
hydrological cycles. Water resources are directly 
affected by the dynamics of glacier-melt runoff in 
the high mountain Asia. These areas including 
Himalaya, Karakoram and Hindukush (HKH) 
Mountains, have the major glacier deposits outside 
Polar Regions (Rowan et al. 2018). These glaciers 
are key water suppliers of major rivers in Asia 
(Ashraf et al. 2012; Immerzeel et al. 2009; Naeem 
et al. 2016). The climate of high mountain Asia 
imparts indirect effect on water availability in 
rivers downstream. Climatology of the HKH varies 
such as southern and eastern parts are mostly 
under the influence of monsoon while northern 
and western parts are influenced mostly by the 
westerlies (Hasson et al. 2017; Fowler and Archer 
2006). 

Glaciers are also considered as the prime 
climate indicators and helpful element for 
detecting rapid response towards climate changes. 
Glacier dynamics in terms of glacier parameters 
(mass balance, snout position, and Equilibrium 
Line Altitude (ELA)) depends on local and regional 
climate variability. Therefore, monitoring these 
glacial parameters over a certain period of time are 
the key elements to analyze the impact of climatic 
disturbances on the health of glaciers (Oerlemans 
2005). Some researchers (Gardner et al. 2013; 
Jacob et al. 2012) have reported a significant 
glacier contribution to sea level rise which is 
stressing the need to better monitor the glacier 
mass change. Difficult and challenging access to 
high mountain Asian glaciers (highest glacier 
concentration outside Polar Regions) leads the way 
to adopt remote sensing techniques for glaciers 

monitoring (Philip and Ravindran 1998) in this 
region. Ali et al. (2017) suggested that correct 
estimation about snow and ice within a basin 
facilitate the mass balance assessments based on 
the observations of accumulation area ratio 
obtained through remote sensing. Rabatel et al. 
(2012) indicated that remote sensing is a valuable 
tool to estimate the ELA of a glacier. ASTER and 
SRTM DEMs were used by Bolch and Kamp (2005) 
in a study for glacier delineation and they used 
different techniques including Landsat Thematic 
Mapper TM4/TM5-ratio images, multispectral and 
landform analysis for glacier mapping approach. 
Band ratio method and Normalized Difference 
Snow Index (NDSI) method are compared for 
extracting glacial parameters in a study done by 
Wang et al. (2017) and their results showed that 
the band ratio method is better for glacier 
boundary extraction.   

Many studies have been carried out to 
estimate the glacier size fluctuations in the HKH 
region using different datasets and approaches. 
Kääb et al. (2012) used ICESat data to estimate the 
mass balance of glaciers in the HKH region from 
year 2003 to 2008. They indicated that the specific 
mass balance for entire HKH region was 
−0.21 ± 0.05 m.a−1 water equivalent (w.e). Mass 
balance was extended between 2000 and 2016 by 
Brun et al. (2017a) for >90% of the glacierized area 
of High Mountain Asia using ASTER DEMs’. The 
mean mass change for HMA was −0.18 ± 0.04 m 
w.e. a−1 in the studied period, which is less negative 
than most of the previous estimates. Debris 
covered glaciers of Himalaya has increased mass 
loss and surface elevation lowering rather than 
recession of snout position (Bolch et al. 2011; 
Rowan et al. 2017; Garg et al. 2017). Berthier et al. 
(2007) used remote sensing data to supervise 
changes in glacier elevation and mass balances in 
Western Himalaya, India by comparing a DEM of 
2004 from SPOT5 satellite to the 2000 SRTM 
DEM and results suggested that glaciers are 
experiencing rapid loss in ice accumulated area 
with specific mass balance of −0.7 to −0.8 m.a−1 
w.e. Ghosh (2017) successfully investigated retreat 
of Gangotri Glacier using multispectral and multi 
temporal Landsat images.  

The HKH glaciers need continuous assessment 
due to their regional importance in terms of major 
source of water availability and for future water 
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management planning. There are fewer studies 
reporting the status of Hindukush glaciers due to 
lack of ground observatories in this rugged terrain 
(Muhammad and Tian 2016). Previous studies lack 
the updated information about status of HKH 
glaciers and it is necessary to compare recent 
dynamics of glaciers with past changes 
(Muhammad et al. 2019a; 2019b) to get the outlook 
of prevailing climate and environmental effects. 
Aim of the current study was to estimate the glacier 
changes on a long time-period in the poorly studied 
Hindukush region and its relation to regional 
climatic factors. In this current study, we present 
the long term (17-years; base year 2001) changes in 
different glacial parameters (in terms of ELA, snout 
position and surface elevation change) of major 
glaciers situated in the Chitral River basin 
(Hindukush region of Pakistan). Advanced Land 
Observing Satellite (ALOS) DEM, Landsat and 
Sentinel satellite data sets are used to carry out the 
study with a continuous series of satellite images 
from year 2001 to 2018 excluding 2011 and 2012. 

1    Geographical Settings 

Six glaciers (Figure 1) situated in the Chitral 
River basin of Hindukush region (north-west of 

Pakistan) were selected for this study. These 
glaciers are located between 7130′ to 7230′ E 
Longitude, and 36 to 37 N Latitude on the 
western portion of the Chitral River basin (Figure 
1). Glacier melt from the watershed vicinity 
contributes significantly to the flow of River Chitral 
as it runs down the valley. Highest mountain peak 
of the Hindukush region (Tirich Mir, 7708 m asl; 
Figure 1) is also situated in this river basin (Owen 
et al. 2002). There are many small and big glaciers 
in the Chitral River basin but we only selected six 
(mostly on western edge of the river basin) of those 
having an area greater than 20 km2. Key 
characteristics of the Chitral River basin are given 
in one of our previous study by Ahmad et al. (2018). 
Name or codes, geographical location, area and 
elevation ranges (on the basis of DEM and 
Randolph Glacier Inventory (RGI, version 6; RGI 
2017)) of the six studied glaciers are presented in 
Figure 1 and Table 1. 

Digital elevation models derived from ALOS 
DEM are superimposed by contour lines and the 
hypsometric curves of the six studied glaciers are 
presented in Figure 2 and Figure 3, respectively. 
Glacier ID05 has the largest area among all the 
7studied glaciers covering 90 km2 followed by 
glacier ID04, ID03, ID02, ID06 and ID01. Glacier  

 
Figure 1 Location and Digital Elevation Model (DEM) of the Chitral River basin superimposed by glacier cover (in 
blue), studied glaciers (in red), streamline, weather stations and Chitral River flow gauge station. 
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Table 1 Characteristics of studied glaciers based on DEM and Randolph Glacier Inventory 6.0 (RGI 2017) 

Glacier  Area (km2) Longitude Latitude Elevation range (m asl) Mean elevation (m asl) 
ID01 23.988  72.19° E 36.53° N 34835903  4683  
ID02 Maski O-Shayaz Glacier 42.554  72.13° E 36.60° N 38407012  5424  
ID03 Kolgaz Glacier 49.571  72.25° E 36.70° N 35976963 5267  
ID04 Upper Tirich Glacier 82.064  71.81° E 36.34° N 39787434  5706  
ID05 90.043  71.91° E 36.46° N 36837203  5436  
ID06 Lower Tirich Glacier 22.43  71.93° E 36.31° N 36187462  5513  

 

 
Figure 2 Digital Elevation Model (DEM) of six studied glaciers (ID01, ID02, ID03, ID04, ID05 and ID06) 
superimposed by the contour lines with contour interval of 400 m. 
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ID04 has the highest mean elevation followed by 
the glaciers ID06, ID05, ID02, ID03 and ID01. 

2    Data Sets and Methodology 

2.1 Remotely-sensed satellite data 

Main remotely sensed satellite data sets used 
in this study are the DEM and the multispectral 
LANDSAT and Sentinel images. DEM tiles of ALOS 
PALSAR were downloaded from the Alaska 

Satellite Facility’s Vertex Data Portal 
(http://vertex.daac.asf.alaska.edu/). ALOS DEM 
has a resolution of approximately 12.5 m and was 
used for watershed delineation in this study. DEM 
data was also used to study the topographical 
characteristics (hypsometry, contour lines and 
elevation variation) of studied glaciers which were 
then used for the ELA estimation. 

The Thematic Mapper (TM) instrument of 
Landsat is available since 1982 that responds the 
reflected radiation from the surface of earth in the 

 
Figure 3 Hypsometry of studied glaciers ID01, ID02, ID03, ID04, ID05 and ID06 showing area-elevation 
distribution estimated from the DEMs. Elevation values are presented on the secondary y-axis. 
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visible and infrared wavelength. TM has 
wavelength range from the visible through the mid 
of Infrared with spatial resolution of 30 m while 
120 m spatial resolution in the thermal portion of 
electromagnetic spectrum. The Enhanced Thematic 
Mapper (ETM) instrument is available since 2000 
on Landsat 7 which is like the TM, but has 
additional new features such as a panchromatic 
band of 15 m spatial resolution, on board 5% 
absolute radiometric calibration and a thermal 
infrared band with spatial resolution of 60 m 
(USGS 2000; Melesse and Shih 2002; Young et al. 
2017).  

The Sentinel (1, 2 and 3) satellite data may be 
used for spatial research studies related to the 
ocean, cryosphere, and land research activities 
(Malenovsky et al. 2012). Sentinel-2A and 2B were 
launched in 2015 and 2017, respectively. Both 
Sentinel satellites operate the Multi Spectral 
Instrument (MSI) which has important 
characteristics for glaciers investigations (Kääb et 
al. 2016; Paul et al. 2016). Sentinel data can be 
downloaded from the online portal of Copernicus 
and European Space Agency (ESA).  

Available images of Landsat (TM, ETM and 
OLI) and Sentinel 2 (S2) satellites for the study 
area from the year 2001 to 2018 with less than 10% 
cloud cover and minimum snow cover season were 
obtained from the United States Geological Survey 
(USGS) Earth Explorer website 
(http://earthexplorer.usgs.gov/) and ESA online 
portal, respectively. Scene IDs, date of acquisition, 

sensor name and resolution of downloaded images 
are presented in Table 2. These images were used 
for the glacier dynamics after the standard pre-
treatment procedure such as atmospheric 
correction, conversion of digital numbers to 
reflectance values and co-registration. 

2.2 In-situ data 

Mean temperature (Tavg) and total 
precipitation (PT) data of Chitral weather station 
(latitude 3551 and longitude 7150; altitude: 1498 
m asl) is obtained from Pakistan Meteorological 
Department (PMD). PMD maintains the sequential 
data of climate stations all over Pakistan. The data 
has been used for climatic trends assessment to 
relate it with the obtained glacier dynamics results. 
Climatic variables data available for approximately 
24-years (19902013) was used for trend analysis. 
Climatic data used is from lower elevation as 
compared to studied glaciers, therefore, it may 
have a magnitude difference of Tavg and PT but the 
trends may still be similar as those on higher 
elevation due to close proximity of the station.   

2.3 Methodology 

2.3.1 Extraction of the studied glaciers and 
their topographical characteristics 
from the ALOS DEM  

Shapefile of glacier boundaries obtained from 
Randolph Glacier Inventory (RGI) version 6.0 (RGI 

Table 2 Overview of data tiles used in conducted study for the estimation of glacier dynamics parameters 

Scene ID  Date of acquisition Sensor  Resolution  
LE07_L1TP_151035_20010928_20170203_01_T1 28.9.2001 Landsat ETM+ 30 m 
LE07_L1TP_151035_20020830_20170128_01_T1 30.8.2002 Landsat ETM+ 30 m 
LE07_L1TP_151035_20030902_20170124_01_T1 2.9.2003 Landsat ETM+ 30 m 
LE07_L1TP_151035_20040904_20170119_01_T1 4.9.2004 Landsat ETM+ 30 m 
LE07_L1TP_151035_20050806_20170113_01_T1 6.8.2005 Landsat ETM+ 30 m 
LE07_L1TP_151035_20060708_20170109_01_T1 8.7.2006 Landsat ETM+ 30 m 
LE07_L1TP_151035_20070913_20170102_01_T1 13.9.2007 Landsat ETM+ 30 m 
LE07_L1TP_151035_20080915_20161225_01_T1 15.9.2008 Landsat ETM+ 30 m 
LT05_L1TP_151035_20090926_20161020_01_T1 26.9.2009 Landsat TM 30 m 
LE07_L1TP_151035_20100921_20161212_01_T1 21.9.2010 Landsat ETM+ 30 m 
LE07_L1TP_151035_20130929_20161120_01_T1 29.9.2013 Landsat ETM+ 30 m 
LC08_L1TP_151035_20140722_20170421_01_T1 22.7.2014 Landsat OLI_TIRS 30 m 
LE07_L1TP_151035_20150818_20161021_01_T1 18.8.2015 Landsat ETM+ 30 m 
S2A_OPER_MSI_L1C_TL_MTI__20160911T061311_201609
11T095058_A006380_T43SBA_N02_04_01 11.9.2016 Sentinel 2A 10 m 

LE07_L1TP_151035_20170908_20171004_01_T1 8.9.2017 Landsat ETM+ 30 m 
S2B_MSIL1C_20180807T055629_N0206_R091_T42SYF_20
180807T095317 7.8.2018 Sentinel 2B 10 m 
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2017) was used as a mask to extract the area of six 
studied glaciers (Figure 1) from the ALOS DEM of 
Chitral River basin to study the topographic 
characteristics such as elevation, contour lines and 
hypsometry as shown in Figure 2 and 3. Different 
researchers (Porter 1975; Thomson et al. 2016) 
have reported contouring method with varied 
contour intervals for glacier dynamics studies. 
Contour lines were mapped (Figure 2) for the 
studied glaciers with a contour interval of 400 m 
from the extracted DEM of each glacier. The 
contour lines were used further for the analysis of 
change in the ELA for the studied glaciers. 

2.3.2 Pre-treatment of the LANDSAT and 
Sentinel satellite data 

Scan Line corrector (SLC) onboard LANDSAT 
satellite sensor (ETM) that work for the forward 
motion of LANDSAT 7, suffered major failure in 
2003 (Maxwell et al. 2007). The gaps of LANDSAT 
7 (ETM) images due to SLC failure are ranging up 
to 14 pixels near the boundaries with 22% loss of 
data (Zhang et al. 2007). QGIS 2.18.13 software has 
been used to fill the gaps of LANDSAT 7 images. 
The data set downloaded from USGS has the raster 
band files as well as the gap data files of each band 
image that are used for gap filling. 

After the acquisition of data and gap filling (for 
LANDSAT 7), the atmospheric correction has been 
done for LANDSAT and Sentinel images to reduce 
the effects caused by sensor, solar radiations, 
atmospheric and topographic factors according to 
the method used by Fraser (1992) and Azabdaftari 
and Sunar (2016). For the atmospheric correction, 
firstly, the data in digital numbers has been 
converted to radiance data using Eq.(1). Radiance 
data thus obtained was further converted to 
reflectance data using Eq.(2). Reflectance data 
sometimes contain minor negative values which 
are false and generally forced to be positive by 
using Eq.(3).  

L
λ
=(gain

λ × DN7)+bias
λ                        (1) 

Lλ = calculated radiance [in Watts/ 
(m2·μm·ster)], gain and bias = band-specific 
numbers. 

R=  		

,
                          (2) 

Rλ= reflectance (unitless ratio), Lλ= radiance 
calculated in Eq.(1), d = earth-sun distance (in 
astronomical units), Esun, λ = band-specific 

radiance emitted by the sun reported by Chander et 
al. (2009), SE = solar elevation angle 

corrected_reflectance = CON( [reflectance] < 
0.0, 0.0, [reflectance])            (3) 

These atmospherically corrected images were 
then co-registered using the image of the year-2001 
as a reference image used for further analysis to 
study the glacier dynamics parameters (ELA, mass 
balance and snout position).  

2.3.3 Estimation of the ELA using band 
spectral indices, band ratio and band 
color composite methods 

If measured at the end of the melt season, the 
snowline altitude (SLA) is concurrent with the ELA. 
The equilibrium line marks the position where 
accumulation of snow in accumulation zone is 
exactly balanced by the ablation taking place from 
the ablation zone for the period of one year. The 
ELA has been estimated for each selected glacier 
using LANDSAT, Sentinel images and DEM data. 
Mir and Majeed (2016) suggested that the manual 
digitization is more accurate than automated 
methods for glaciers with debris cover. Different 
spectral techniques applied on images in this study 
aided to manually delineate ELA position on 
glaciers. Normalized difference snow index (NDSI), 
Normalized difference glacier index (NDGI), band 
ratio and false color composite (NIR, Red, Green) 
techniques were used to enhance the contrast 
between the accumulation and ablation area over 
glaciers. Band ratio method and false color 
composite technique were observed to be better for 
glacier dynamics studies (Wang et al. 2017). 
Normalized difference debris index (NDDI) was 
used to analyze the debris covered portion on 
glaciers to better analyze the actual accumulation 
area of glaciers. Formulas used for NDSI, NDGI 
and NDDI are presented in the Table 3. The results 
of all above mentioned techniques are compared 
and analyzed to obtain ELA of each glacier. By 
using the above mentioned techniques with 
suitable threshold values and contour lines 
obtained from DEM, we have digitized the 
equilibrium line position on each glacier for each 
available image. The mean ELA of each glacier are 
calculated as the average of three observations 
taken on the ELA for each year. 

2.3.4 Estimation of glaciers elevation change 

Estimation of glaciers elevation change was 
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derived from ASTER DEM differenced data 
available at PANGAEA (Brun et al. 2017b) using 
two ASTER DEM’s from year 2000 and 2016. 
Geodetic DEM differencing method provides 
reliable mass balance estimates for areas of few 
kilometers (Bhattacharya et al. 2016).  Surface 
elevation changes derived from DEM differenced 
images (Brun et al. 2017b) were converted into 
mass balance using an average ice density of 850 
kg/m3 as also suggested by Huss (2013) for long-
term mass balance studies. The method, data, and 
ice density used to calculate the mass balance in 
this study is similar as by Muhammad et al. 
(2019a). 

2.3.5 Estimation of the snout position 

Snout position analysis is significant to assess 
glaciers’ retreat or advancing behavior in response 
to climate change. The analysis is important to 
estimate future contribution in stream flow as 
result of the glacier melt. Rate of melting at the 
terminus can be influenced by debris cover. 
Excessive debris prevents melting and protects a 
glacier from recession (Kulkarni et al. 2005). It is 
comparatively easy to map clean glaciers than 
debris covered glaciers in which the mapping is 
inhibited by the presence of debris. Therefore, 
different feature analysis techniques has been used 
in previous studies to map the glacier snouts 
having debris accumulation i.e. the presence of 
moraine dammed lakes, ice-wall shadow, texture of 
glacier surface and periglacial area, braided 
streams, moisture content of supraglacial debris, 
and lateral moraines (Shukla et al. 2016; Shukla 
and Qadir 2016). In this study, snout position for 
each glacier has been analyzed comparing all the 
images obtained from different techniques (NDSI, 
NDGI, NDDI, Band ratio and Band composite) 

over entire study period. The change in the position 
of snout has been measured using the measure tool 
in ArcGIS (version 10.5) that calculated the 
advance and retreat in meters by keeping the 
reference snout position as observed in year-2001. 
The advance has been taken as positive and retreat 
as negative measures from reference year-2001. 
Manually digitized snout positions of each glacier 
have been saved as separate shapefiles. Presence of 
water streams coming out from the snout area of 
glaciers, presence of debris and side wall calves and 
texture facilitated in snout position mapping. 

2.3.6 Climatic trends assessment 

The climate data (mean temperature and total 
precipitation) taken from PMD has been used to 
obtain linear trends of local climate on the study 
area for 24 years because the trends of climate are 
generally in correlation with glacier dynamics. 
Long-term patterns of climatic factors were 
investigated to build up an understanding of 
prevailing and future climatic trend and their link 
with observed glacier changes. The trends were 
estimated on the mean annual temperature (Tavg) 
and the total annual precipitation (PT). XLSTAT 
data analysis software available as Microsoft Excel 
plugin (Chang et al., 2017) was used for the 
statistical applications. Nonparametric Mann-
Kendall (MK) trend test (Hirsch and Slack 1984; 
Kendall and Gibbons 1990; Yue et al. 2002) and 
Theil-Sen slope estimator (also known as Sen’s 
slope) (Gilbert 1987) for periodic data were used to 
estimate the trends (significance level = 5%) in the 
time-series of available mean temperature, and 
total precipitation. Linear trend line equation is 
also presented for all the trend analyses in this 
study. Sen’s slope method has been reported in 
numerous researches for trends analysis in hydro-

Table 3 Summary of the spectral indices applied to LANDSAT images in this study 

Spectral index Formulation Utility Source 

Normalized difference snow index 
(NDSI)  

Mapping and differentiating between 
snow-ice 
covered areas and non-snow-and-ice 
areas 

(Dozier 1989) 

Normalized difference debris index 
(NDDI)  

Mapping and differentiating between 
supraglacial 
debris and that of the terrain 

(Shukla and Ali 
2016) 

Normalized difference glacier index 
(NDGI)  

Mapping and differentiating between 
snow-ice 
and ice-mixed debris class 

(Keshri et al. 
2009) 

Note: Green=Green band, SWIR= Shortwave infrared band, TIR=Thermal Infrared band, Red=Red band. 
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climate variables (Teegavarapu and Nayak 2017). 

3    Results 

3.1 Dynamics of the Equilibrium Line 
Altitude (ELA)  

Above or below shifting of annual ELA from 
referenced ELA position (2001 for current study) is 
a key indicator of the state of health of a glacier. 
Application of techniques as mentioned in section 
3.3.3 aided in enhancement of ELA between 
accumulation and ablation area which was then 
digitized manually for each studied glacier. The 
best results are obtained using the combination of 
band composite (NIR, Red, Green), NDSI, NDGI 
and band ratio (NIR/SWIR) methods. The range of 
the applied threshold values obtained for all the 
spectral indices and band methods are given in the 
Table 4. 

Estimated and digitized ELA positions for 
different years are presented in Figure 4 with a 
Google Earth background image. A supplementary 
figure (Figure S1) is also presented in Appendix 1 
with actual Landsat image for year 2006 as a 
background and using band ratio method. 
Reference ELA for this study i.e. ELA in year 2001, 
was at 4350, 4717, 4950, 5133, 5083 and 4567 m 
asl for glaciers ID01, ID02, ID03, ID04, ID05 and 
ID06, respectively. 

Observed ELA values for all the studied 
glaciers lie in the range of 43505916 m asl over 
the entire period of 17-years. Mean ELA variability 
from the reference year position for glaciers ID01, 
ID02, ID03, ID04, ID05 and ID06 is calculated as 
582 m, 557 m, -8 m, 425 m, 110 m and 558 m, 
respectively, over the entire studied period. The 
highest ELA for glaciers ID01, ID02, ID03, ID04, 
ID05 and ID06 were observed as 5100 m (in year 
2014), 5533 m (in year 2008), 5183 m (in year 
2013), 5917 m (in year 2016), 5433 m (in year 
2013), and 5317 m asl (in year 2008), respectively 

(Figures 4 and 5). Mean ELA for glaciers ID01, 
ID02, ID03, ID04, ID05 and ID06 were observed 
as 4932 ± 185 m, 5274 ± 198 m, 4942 ± 125 m, 
5558 ± 234 m, 5193 ± 109 m, and 5125 ± 241 m asl, 
respectively, over the entire study period of 17-
years. The most recent ELA values (found in 2018 
during this study) are 5083, 5267, 4983, 5800, 
5150 and 5293 m asl for glaciers ID01, ID02, ID03, 
ID04, ID05 and ID06, respectively (Figure 4 and 5). 

The trend of ELA shows that the ELA has 

Table 4 Threshold values applied for different techniques to estimate the equilibrium line altitude 

Techniques 
Thresholds values 

This study 
Previously reported values 

Shukla and Ali 2016 Hall et al. 1995 Ali et al. 2017 
Normalized difference glacier index  –0.10  0.80 –0.25  0.90 - 0.43 
Normalized difference snow index  0.40  0.85 - 0  0.40 - 
Normalized difference debris index  0.09  1 0.06  0.68 - 0.01 
Band ratio (B4/B5 for TM and ETM) 0.1  0.9 0  0.90 - 0.60 

 

 
Figure 4 Equilibrium line altitude (ELA) position on 
glaciers ID01, ID02, ID03, ID04, ID05 and ID06 during 
years 20012018 (in colors as described in legend), 
glacier boundary line (in black) and contour lines (in 
grey), superimposed on Google Earth image of 2018. All 
ELA values are in m asl. 
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moved upward for almost all the glaciers from its 
reference position in 2001 (Figure 5). An upward 
ELA trend with average annual shift rate of 16 
m.a-1, 7 m.a-1, 9 m.a-1, 34 m.a-1, 6 m.a-1 and 26 
m.a-1 has been observed on glaciers ID01, ID02, 
ID03, ID04, ID05 and ID06, respectively, over the 
entire study period (Figure 5). 

3.2 Dynamics of glaciers surface elevation 

Glaciers surface elevation change was carried 
out as detailed in section 3.3.4. Results of the 
glaciers surface elevation change from 2001‒2016 
for each glacier using data provided by Brun et al. 
(2017a), similarly as derived by Muhammad et al. 
(2019a) are presented in Figure 6. An average 
geodetic mass balance obtained for the entire 
investigated study area comprising of six glaciers is 
–0.110.07 m w.e. a-1. We obtained a mass balance 
value of −0.14 m, -0.17 m, –0.19 m, −0.06 m, 
−0.08 m and −0.02 m w.e. a−1 for glaciers ID01, 
ID02, ID03, ID04, ID05 and ID06, respectively 
(Figure 6).  

It has been observed that the overall surface 
elevation loss of studied glaciers is slightly negative. 
For the glaciers ID01, ID04, ID05 and ID06, the 
observed elevation change during the studied 
period (2001‒2016) is −0.14 m, -0.061 m, -0.08 m 
and −0.02 m, respectively, that shows the receding 

status of these glaciers. Glacier ID06 has very low 
value of elevation change and may be termed as 
slightly receding. For the glaciers ID02 and ID03, 
the surface elevation change values are calculated 
as -0.17 m and -0.19 m, respectively, which shows 
comparatively significant surface elevation 
lowering as compared to other studied glaciers 
(Muhammad et al. 2019b). 

3.3 Dynamics of the snout position  

Snout position of studied glaciers has been 
digitized using treated LANDSAT and Sentinel 
band composite images after suitable threshold 
values (Table 4) application to assess the advance 
or retreat of glacier snout by keeping its position in 
year 2001 image as a reference. All the images were 
co-registered taking 2001 as a base/reference year. 
Due to the spatial resolution limitation, it is hard to 
detect any changes in snout position every year, 
therefore, we only show the change in snout 
position between 2001 and 2018 in Figure 7.  Snout 
positions during all the data years are presented in 
supplementary Figure S2 (Appendix 1). Emerging 
melt-water streams from the frontal area and 
presence of end moraines facilitated in snout 
position digitization. A maximum retreat of the 
snout position from the reference year (2001) is 
observed as ~185 m (2010), ~722 m (2006), ~309 

Figure 5 Equilibrium line altitude (ELA) trends observed on studied glaciers ID01, ID02, ID03, ID04, ID05 and 
ID06 during 2001‒2018. X-axis and y-axis represent the time (years) and ELA (m asl), respectively. 
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m (2006), ~123 m (2013), 
~117 m (2013) and ~529 
m (2015) for the glaciers 
ID01, ID02, ID03, ID04, 
ID05 and ID06, 
respectively (Figure S2 in 
Appendix 1). Some 
advance in the snout 
positions have also been 
observed during certain 
periods for all the glaciers. 
The maximum observed 
advance is ~65 m (period: 
2007‒2008), ~551 m 
(period: 2006‒2007), 
~422 m (period: 2009‒
2010), ~304 m (period: 
2013‒2014), ~57 m 
(period: 2003‒2004) and 
~390 m (period: 2008‒
2009) for the glaciers 
ID01, ID02, ID03, ID04, 
ID05 and ID06, 
respectively (Figure S2 in 
Appendix 1). Maximum 
advances have been 
generally observed after 
the year 2003 for all the 
glaciers. Results have shown that there have been 
fluctuations in the snout position with occasional 
advance and retreat behaviors of the glaciers 
throughout the study period (2001‒2018) as shown 
in the Figure S2 (Appendix 1).  

Figure 8 represents the mean variation with 
the standard deviation in the snout positions (from 
reference year 2001) of all the studied glaciers 
observed over the entire study period. Mean 
change in the snout position over the entire study 
period (2001‒2018) has been observed as −83 ± 38 m, 
−334 ± 167 m, −82 ± 144 m, −109 ± 105 m,  
−80 ± 24 m and −313 ± 185 m for the glaciers ID01, 
ID02, ID03, ID04, ID05 and ID06, respectively 

(Figure 8). 

3.4 General trends in the glaciological 
parameters (ELA, mass balance and 
snout position) 

General trends obtained after the investigation 
of different glaciological parameters in this study 
are summarized in Table 5. Trends among the 
entire studied glacier are almost consistent i.e. 
glaciers are receding at snout and there is an 
upward shift of ELA reducing the accumulation 
area (Table 5). Sarikaya et al. (2012) reported the 
reason of observed glacier fluctuations (as observed 
in  this  study)  in  the  Hindukush  region  as  more  

Table 5 Summary of general response of studied glacier on the basis of various glaciological parameters during the 
study period (20012018) 

Parameters  
General response of studied glaciers 

ID01 ID02 ID03 ID04 ID05 ID06 
ELA (shifting) Upward Upward Upward Upward Upward Upward 
Snout (receding/advancing) Receding Receding Receding Advancing Receding  Receding 
Surface elevation 
change(negative/positive)  Negative Negative Negative  Less negative Negative Less negative 

 

 
Figure 6 Glacier surface elevation changes from 2001 to 2016 for the studied 
glaciers, calculations generated according to Brun et al. (2017a). 
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strongly influenced by precipitation than by 
temperature variations, alongside the significant 
dependence on microclimatic conditions governed 
by topography. There is a slight discrepancy 
amongthe glaciers health on the basis of glaciers 
surface elevation change. All the studied glaciers 
have negative surface elevation change. 
GlacierID02 and glacierID03 have the highest 
surface elevation loss as assessed through DEM 
differencing method. ELA shift and snout retreat 
has also been observed as maximum in  
glacierID02. GlacierID04 has shown advancing 
behavior in snout position which is consistent with 
the observed surface elevation change that 
calculated as less negative as compared to other 
studied glaciers.  

3.5 Climate trends assessment 

A trend analysis was conducted on the 24 
years time-series (1990–2013) of climate data 
(mean temperature, Tavg and total precipitation, PT) 
to assess general climate pattern prevailing in the 
study area as shown in Figure 9.  

Although the estimated trends were non-
significant for both the variables but they have 
slight tendency towards a decrease. Mann Kendall 
trend values of −0.087 and −0.188, and the Sen’s 
slope values of −0.011 oC.a-1 and −4.94 mm.a-1 were 
found for the mean annual temperature and the 
total annual precipitation, respectively. Trends of 
annual precipitation and mean temperature from 
Chitral basin may be regarded as stable during the 
study period. A seasonal trend analysis by the 
Ahmad et al. (2018) has revealed a significant 
increase in the mean temperature which may be 
the reason of gradual snout retreat, loss of mass 
balance and ELA rise in glaciers. 

4    Discussion 

Our observed range of ELA values for 
reference year is in agreement with the values 
given by Haserodt (1989) for the Chitral region. 
Figure 5 is demonstrating the ELA fluctuation on 
studied glaciers during study period which shows 
the overall increasing trend (upward shifting) of 
ELA on all glaciers as shown by positive slope 
values. Result of our conducted study shows that 

 
Figure 7 Snout positions of the glaciers ID01, ID02, 
ID03, ID04, ID05 and ID06 during the reference year 
2001 and the last data year 2018 estimated from the co-
registered satellite images. Background image is taken 
from Google Earth 2018. Snout positions for all data 
years are presented in supplementary Figure S2 in 
Appendix 1. 
 

Figure 8 Variation of snout position (measured in 
meters) of all the studied glaciers during different years 
of study period (20012018) from the reference snout 
position year of 2001. 
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the mean ELA for the 
entire area comprising of 
six glaciers is 5171 ± 55 m 
asl, over the period of 
2001‒2018. This is 
consistent with the 
estimated ELA by Scherler 
et al. (2011a) and Gardelle 
et al. (2013) in Hindukush 
region. The slight 
difference in ELA values 
reported by other 
researchers may be due to 
the different study period. 
Our studied glaciers show 
varied trends of ELA 
among themselves which 
may be explained by the 
statement of Vashisht et al. 
(2016) who suggested that 
different behaviors of ELA 
shift observed in same 
area may be due to the 
micro climatic conditions 
prevailing in that area. 
The studied glaciers that have experienced regular 
upward shift in the ELA may be due to the 
increased avalanche events triggered by steep 
topography (Azam et al. 2018) and the regular 
earthquake events in the area. As avalanching, 
rockfalls and landslides from adjacent rocks 
(triggered by freeze-thaw process or earthquakes) 
contribute to the glacier surface debris (Nagai et al. 
2013; Markus and Christian 2012; Miles et al. 2017) 
which cause rapid melting in some cases.  

The mean mass balance observed (–0.110.07 
m w.e. a-1) value is in agreement with the mass 
balance value (–0.12±0.07) calculated by Brun et al. 
(2017a) for the Hindukush region using a different 
time series (2000‒2016) of DEMs. Results showed 
that the mass balance values in Hindukush region 
are slightly less negative than those found in the 
Himalayas by other researchers. For example, 
Berthier et al. (2007) reported the range of specific 
mass balance as –1.4 m to +0.1 m w.e. a-1 for the 
glacier in western Himalaya but their findings 
suggest the overall negative mass balance of 
glaciers in the region which resembles our results 
of negative mass balance for most of studied 
glaciers. Pellicciotti et al. (2017) reported a mass 

balance for debris covered glaciers of Langtang 
Himal, Nepal as –0.320.18 m w.e. a-1). The 
decreasing mass of studied glaciers indicates that 
the trend may be similar in the entire Hindukush 
region but it needs to be explored in detail. 

The snout analysis of glacierID05 has 
revealed that the glacier has experienced slight 
retreat as compared to other studied glaciers while 
glacierID04 has shown a slight advance in snout 
position during study period. There may have been 
the effects of local climatic conditions and 
topography of this glacier. The glacierID04 has 
the second largest surface area among all the six  
studied glaciers so the impact of climatic changes 
on the snout may appear after a long time (not 
significant in our study period). Most of the 
ablation areas including the snout in the studied 
glaciers are debris covered (Figure 7) which results 
in a delayed response to climatic variability. Many 
previous studies have also witnessed that the 
glaciers having thick debris cover have 
unpredictable response towards temperature 
increase due to the insulation properties of debris 
(Salerno et al. 2017; Vincent et al. 2016). The 
observed snout position fluctuation may also be 

 
Figure 9 Trend analysis of 24 years (19902013) time series of mean annual 
temperature and total annual precipitation for the Chitral River basin. 

 



J. Mt. Sci. (2020) 17(3): 572-587    

 585

due to the geomorphic parameters in the area 
(Kulkarni and Karyakarte 2014; Benn et al. 2012). 
Scherler et al. (2011b), Bahr et al. (1998) and Mir et 
al. (2017) stated that the glaciers having debris-
cover lose most of their mass by decreasing surface 
elevation rather than snout retreat and small 
glaciers are generally more prone to climatic 
changes because of their shorter response time to 
climatic factors, similar to the trends observed in 
some of our studied glaciers. 

5    Conclusions 

The current study presents analysis of glacier 
dynamics between 2001 and 2018 using remote 
sensing data for six glaciers (each with an area ≥20 
km2 each) situated in the Chitral river basin of 
Hindukush region. Glacier variations were studied 
based on standard glaciological parameters such as 
ELA, snout position and the surface elevation 
change. Following can be concluded from the 
results obtained in this study. 

 ELA has shifted upward from its reference 
position in 2001 during the data period of 19 years 
at an average rate of ~16 m.a-1 for the entire study 
area indicating a loss in the accumulation area. All 
the studied glaciers on average show an upward shift 
of ELA with varying  rates  during  the study period. 

 There is overall loss observed in surface 
elevation of studied glaciers during the data period. 
Glacier ID04 and ID06 show a less negative surface 
elevation loss but the general trend over entire 
studied area is negative. 

 There is a general retreat in the snout 
positions with a mean retreat of ~130 m for the 
entire studied glacier area during the study period.  

Variation in responses of glaciers parameters 
may be the result of local climatic condition of each 
glacier as well as difference in topographic features 
and location. All the studied glaciers are indicating 
a generally gradual upward shifting of ELA, mass 
balance loss and the retreat of snout position. A set 
of threshold values found during the estimation of 
ELA and snout position using NDGI, NDDI and 
NDSI during this study may be further used for this 
region and similar data for future glaciological 
studies. No significant trends in climatic data of the 
studied area were found but previous studies on 

seasonal data suggested a warming trend in this 
area which may explain the reason of spatial 
changes in glacier parameters. The overall trends 
may be similar on other glaciers of the Chitral 
River basin but needs more detailed field and 
remote sensing studies in the region. 

Acknowledgment 

Financial support for this research work by the 
National Natural Science Foundation of China 
(NSFC) and ICIMOD (Grant no. 41761144075) is 
highly acknowledged. Authors thank the United 
States Geological Survey, European Space Agency 
and Copernicus for providing the Landsat and 
Sentinel satellite data free of cost for this study. 
The authors extend their thanks to the Water and 
Power Development Authority (WAPDA) and the 
Pakistan Meteorological Department (PMD) for 
contributing their hydrological and meteorological 
data, respectively. We are grateful to the 
anonymous reviewers whose comments and 
suggestions significantly improved the manuscript.  

Electronic supplementary material:  
Supplementary material (Appendix 1) is available 
in the online version of this article at 
https://doi.org/10.1007/s11629-019-5728-9 
 

Open Access This article is licensed under a 
Creative Commons Attribution 4.0 International 
License https://creativecommons.org/licenses/by/ 
4.0/, which permits use, sharing, adaptation, 
distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to 
the Creative Commons license, and indicate if 
changes were made. The images or other third 
party material in this article are included in the 
article’s Creative Commons License, unless 
indicated otherwise in a credit line to the material. 
If material is not included in the article’s Creative 
Commons License and your intended use is not 
permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy 
of this License, visit http://creativecommons. 
org/licenses/by/4.0/. 
 



J. Mt. Sci. (2020) 17(3): 572-587    

 586 

References

Ahmad S, Israr M, Liu S, et al. (2018) Spatio-temporal trends in 
snow extent and their linkage to hydro-climatological and 
topographical factors in the Chitral River Basin (Hindukush, 
Pakistan). Geocarto International: 1-24. 
https://doi.org/10.1080/10106049.2018.1524517 

Ali A, Shukla A, Romshoo, SA (2017) Assessing linkages 
between spatial facies changes and dimensional variations of 
glaciers in the upper Indus Basin, western Himalaya. 
Geomorphology 284: 115- 129. 
https://doi.org/10.1016/j.geomorph.2017.01.005 

Ashraf A, Naz R, Iqbal MB (2017) Altitudinal dynamics of glacial 
lakes under changing climate in the Hindu Kush, Karakoram, 
and Himalaya ranges. Geomorphology 283: 72-79. 
https://doi.org/10.1016/j.geomorph.2017.01.033 

Azabdaftari A, Sunarb F (2016) Soil salinity mapping using 
multitemporal landsat data. The International Archives of the 
Photogrammetry, Remote Sensing and Spatial Information 
Sciences XLI: B7.  
https://doi.org/10.5194/isprsarchives-XLI-B7-3-2016 

Azam MF, Wagnon P, Berthier E, et al. (2018). Review of the 
status and mass changes of Himalayan-Karakoram glaciers. 
Journal of Glaciology 64(243): 61-74. 
https://doi.org/10.1017/jog.2017.86 

Bhattacharya A, Bolch T, Mukherjee K, et al. (2016) Overall 
recession and mass budget of Gangotri Glacier, Garhwal 
Himalayas, from 1965 to 2015 using remote sensing 
data. Journal of Glaciology 62(236): 1115-1133. 
 https://doi.org/10.1017/jog.2016.96 

Bahr DB, Pfeffer WT, Sassolas C, et al. (1998) Response time of 
glaciers as a function of size and mass balance: 1. Theory. 
Journal of Geophysical Research: Solid Earth 103(B5): 9777-
9782. https://doi.org/10.1029/98JB00507 

Benn DI, Bolch T, Hands K, et al. (2012) Response of debris-
covered glaciers in the Mount Everest region to recent 
warming, and implications for outburst flood hazards. Earth-
Science Reviews 114(1): 156-174. 
https://doi.org/10.1016/j.earscirev.2012.03.008 

Berthier E, Arnaud Y, Kumar R, et al. (2007) Remote sensing 
estimates of glacier mass balances in the Himachal Pradesh 
(Western Himalaya, India). Remote Sensing of Environment 
108(3): 327-338. https://doi.org/10.1016/j.rse.2006.11.017 

Bolch T, Kamp U (2005) Glacier mapping in high mountains 
using DEMs, Landsat and ASTER data. In: 8 th International 
Symposium on High Mountain Remote Sensing Cartography, 
La Paz (Bolivien), 20 March 2005 - 27 March 2005: 37-48. 
https://doi.org/10.5167/uzh-137251 

Bolch T, Kulkarni A, Kääb A, et al. (2012) The State and Fate of 
Himalayan Glaciers. Science, 336(6079): 310-314. 
https://doi.org/10.1126/science.1215828 

Bolch T, Pieczonka T, Benn DI (2011) Multi-decadal mass loss of 
glaciers in the Everest area (Nepal Himalaya) derived from 
stereo imagery. The Cryosphere 5(2): 349-358. 
https://doi.org/10.5194/tc-5-349-2011 

Brun F, Berthier E, Wagnon P, et al. (2017a) A spatially resolved 
estimate of high mountain asia glacier mass balances from 
2000 to 2016. Nature Geoscience 10: 668. 
https://doi.org/10.1038/ngeo2999 

Brun F, Berthier E, Wagnon P, et al. (2017b) Elevation changes 
of High Mountain Asia from 2000 to 2016, links to GeoTIFFs. 
PANGAEA. https://doi.org/10.1594/PANGAEA.876545 

Chang CK, Ab Ghani A, Alang Othman M (2017) Homogeneity 
Testing and Trends Analysis in Long Term Rainfall Data for 
Sungai Pahang River Basin Over 40 Years Records. 
Conference: IAHR 2017 CONGRESS, at Kaula Lumpur, 
Malaysia. ISSN 1562-6865 

Dozier J (1989) Spectral signature of Alpine snow cover from 
LANDSAT Thematic Mapper. Remote sensing of 
Environment 28: 9-22.  
https://doi.org/10.1016/0034-4257(89)90101-6 

Fowler HJ, Archer DR (2006) Conflicting signals of climatic 
change in the upper Indus basin. Journal of Climate 19: 4276-
4293. https://doi.org/10.1175/JCLI3860.1 

Fraser RS, Ferrare RA, Kaufman YJ, et al. (1992) Algorithm for 
atmospheric corrections of aircraft and satellite imagery. 
International Journal of Remote Sensing 13(3): 541-557. 

https://doi.org/10.1080/01431169208904056 
Gardelle J, Berthier E, Arnaud Y, et al. (2013) Region-wide 

glacier mass balances over the Pamir-Karakoram-Himalaya 
during 1999-2011. The Cryosphere 7(4): 1885-1886. 
https://doi.org/10.5194/tc-7-1263-2013 

Gardner AS, Moholdt G, Cogley JG, et al. (2013) A reconciled 
estimate of glacier contributions to sea level rise: 2003 to 
2009. Science 340(6134): 852-857. 
https://doi.org/10.1126/science.1234532 

Garg PK, Shukla A, Jasrotia AS (2017) An integrated field and 
Remote sensing based approach for estimating influence of 
debris thickness on glacier surface elevation changes. Paper 
presented at the 2017 IEEE International Geoscience and 
Remote Sensing Symposium (IGARSS). 
https://doi.org/10.1109/IGARSS.2017.8127590 

Ghosh P (2017) Remote Sensing and GIS Analysis of Gaumukh 
Snout Retreat and Ice Loss Estimation at Gangotri Glacier, 
During 1962-2015. Global Journal of Current Research 5(3): 
113-119.  

Gilbert RO (1987) Statistical Methods for Environmental 
Pollution Monitoring. John Wiley and Sons: 217-219.  

Hall DK, Riggs GA, Salomonson VV (1995) Development of 
methods for mapping global snow cover using moderate 
resolution image spectro-radiometer data. Remote Sensing of 
Environment 54(6): 127-140.  
https://doi.org/10.1016/0034-4257(95)00137-P 

Haserodt K (1989) On the Pleistocene and postglacial 
glaciations between Hindu Kush, Karakorum and Western 
Himalayas. Contributions and Materials on Regional 
Geography 2: 181-233. 

Hasson S, Böhner J, Lucarini V (2017) Prevailing climatic trends 
and runoff response from Hindukush–Karakoram–Himalaya, 
upper Indus Basin. Earth Syst. Dynam 8(2): 337-355. 
https://doi.org/10.5194/esd-8-337-2017 

Hirsch RM, Slack JR (1984) A Nonparametric Trend Test for 
Seasonal Data with Serial Dependence. Water Resources 
Research 20(6): 727-732.  
https://doi.org/10.1029/WR020i006p00727 

Huss M (2013) Density assumptions for converting geodetic 
glacier volume change to mass change. The Cryosphere 7: 
877-887. https://doi.org/10.5194/tc-7-877-2013 

Immerzeel WW, Droogers P, de Jong SM, et al. (2009) Large-
scale monitoring of snow cover and runoff simulation in 
Himalayan river basins using remote sensing. Remote 
Sensing of Environment 113(1): 40-49. 
https://doi.org/10.1016/j.rse.2008.08.010  

Jacob T, Wahr J, Pfeffer WT, et al. (2012) Recent contributions 
of glaciers and ice caps to sea level rise. Nature 482: 514-518. 
https://doi.org/10.1038/nature10847  

Kääb A, Berthier E, Nuth C, et al. (2012) Contrasting patterns of 
early twenty-first-century glacier mass change in the 
Himalayas. Nature 488: 495-498.  
https://doi.org /10.1038/nature11324 

Kääb A, Winsvold SH, Altena B, et al. (2016) Glacier remote 
sensing using sentinel-2. Part i: Radiometric and geometric 
performance, and application to ice velocity. Remote Sensing 
8(7): 598. https://doi.org/10.3390/rs8070598 

Kendall MG, Gibbons JD (1990) Rank Correlation Methods, 5th 
ed. Edward Arnold, London. 

Keshri AK, Shukla A, Gupta RP (2009) ASTER ratio indices for 
supraglacial terrain mapping. International Journal of 
Remote Sensing 30(2): 519-524.  
https://doi.org /10.1080/01431160802385459 

Kulkarni AV, Karyakarte Y (2014) Observed changes in 
Himalayan glaciers. Current Science 106(2): 237-244. 

Kulkarni AV, Rathore BP, Mahajan S, et al. (2005) Alarming 
retreat of Parbati glacier, Beas basin, Himachal Pradesh. 
Current Science 88(11): 1844-1850. 
https://www.jstor.org/stable/24110380 

Kulkarni AV, Rathore BP, Alex S (2004) Monitoring of glacier 
mass balance in the Baspa Basin using accumulation area 
ratio method. Current Science 86(1) : 185-190. 

Malenovský Z, Rott H, Cihlar, J, et al. (2012) Sentinels for 
science: Potential of sentinel-1, -2, and -3 missions for 
scientific observations of ocean, cryosphere, and land. 



J. Mt. Sci. (2020) 17(3): 572-587    

 587

Remote Sensing of Environment 120: 91-101. 
https://doi.org/10.1016/j.rse.2011.09.026 

Markus S, Christian H (2012) Effects of climate change on mass 
movements in mountain environments. Progress in Physical 
Geography: Earth and Environment 36(3): 421-439. 
https://doi.org/10.1177/0309133312441010 

Maxwell SK, Schmidt GL, Storey JC (2007) A multi‐scale 
segmentation approach to filling gaps in Landsat ETM+ 
SLC‐off images. International Journal of Remote Sensing 
28(23): 5339-5356. 
https://doi.org/10.1080/01431160601034902 

Melesse AM, Shih SF (2002) Spatially distributed storm runoff 
depth estimation using LANDSAT images and GIS. 
Computers and Electronics in Agriculture 37 (1-3): 173-183. 
https://doi.org/10.1016/S0168-1699(02)00111-4 

Miles KE, Hubbard B, Irvine-Fynn TDL, et al. (2017) Review 
article: The hydrology of debris-covered glaciers - state of the 
science and future research directions. The Cryosphere 
Discuss, 1-48. https://doi.org/10.5194/tc-2017-210 

Mir RA, Majeed Z (2016) Frontal recession of Parkachik Glacier 
between 1971-2015, Zanskar Himalaya using remote sensing 
and field data. Geocarto International 33(2): 163-177. 
https://doi.org/10.1080/10106049.2016.1232439 

Mir RA, Jain SK, JainSK, et al. (2017) Assessment of Recent 
Glacier Changes and Its Controlling Factors from 1976 to 2011 
in Baspa Basin, Western Himalaya. Arctic, Antarctic, and 
Alpine Research 49(4): 621-647. 
https://doi.org/10.1657/AAAR0015-070 

Muhammad S, Tian L (2016) Changes in the ablation zones of 
glaciers in the western Himalaya and the Karakoram between 
1972 and 2015. Remote Sensing of Environment 187: 505-512. 
https://doi.org/10.1016/j.rse.2016.10.034 

Muhammad S, Tian L, Nüsser M (2019a) No significant mass 
loss in the glaciers of Astore Basin (North-Western Himalaya), 
between 1999 and 2016. Journal of Glaciology 65(250): 270-
278. https://doi.org/10.1017/jog.2019.5 

Muhammad S, Tian L, Khan A (2019b) Early twenty-first 
century glacier mass losses in the Indus Basin constrained by 
density assumptions. Journal of Hydrology 574: 467-475. 
https://doi.org/10.1016/j.jhydrol.2019.04.057 

Naeem UA, Shamim MA, Ejaz N, et al. (2016) Investigation of 
temporal change in glacial extent of Chitral watershed using 
Landsat data. Environmental Monitoring and Assessment 188 
(43): 1-13. https://doi.org/10.1007/s10661-015-5026-0 

Nagai H, Fujita K, Nuimura T, et al. (2013). Southwest-facing 
slopes control the formation of debris-covered glaciers in the 
Bhutan Himalaya. The Cryosphere 7(4): 1303-1314. 
https://doi.org/10.5194/tc-7-1303-2013 

Oerlemans J (2005) Extracting a climate signal from 169 glacier 
records. Science 308: 675-677. 
https://doi.org/10.1126/science.1107046 

Owen LA, Kamp U, Spencer JQ, et al. (2002) Timing and style 
of Late Quaternary glaciation in the eastern Hindu Kush, 
Chitral, Northern Pakistan: a review and revision of the 
glacial chronology based on new optically stimulated 
luminescence dating. Quaternary International 97-98: 41-55. 
https://doi.org/10.1016/S1040-6182(02)00050-2 

Paul F, Winsvold SH, Kääb A, et al. (2016) Glacier remote 
sensing using sentinel-2. Part ii: Mapping glacier extents and 
surface facies, and comparison to landsat 8. Remote Sensing 
8(7): 575. https://doi.org/10.3390/rs8070575 

Pellicciotti F, Stephan C, Miles E, et al. (2017) Mass-balance 
changes of the debris-covered glaciers in the Langtang Himal, 
Nepal, from 1974 to 1999. Journal of Glaciology 61(226): 373-
386. https://doi.org/10.3189/2015JoG13J237 

Philip G, Ravindran K V (1998) Glacial mapping using landsat 
thematic mapper data: A case study in parts of gangotri 
glacier, NW himalaya. Journal of the Indian Society of 
Remote Sensing 26(1): 29-34. 
https://doi.org/10.1007/bf03007337 

Porter SC (1975) Equilibrium-line altitudes of late Quaternary 
glaciers in the Southern Alps, New Zealand. Quaternary 
Research 5(1): 27-47.  
https://doi.org/10.1016/0033-5894(75)90047-2 

Rabatel A, Letréguilly A, Dedieu JP, et al. (2013) Changes in 
glacier equilibrium-line altitude in the western Alps from 
1984 to 2010: evaluation by remote sensing and modeling of 

the morpho-topographic and climate controls. The 
Cryosphere 7(5): 1455-1471.  
https://doi.org/10.5194/tc-7-1455-2013 

Randolph Glacier Inventory (2017) A Dataset of Global Glacier 
Outlines: Version 6.0: Technical Report, Global Land Ice 
Measurements from Space, Colorado, USA. 
https://doi.org/10.7265/N5-RGI-60 

Rowan AV, Quincey DJ, Gibson MJ, et al. (2017) The 
sustainability of water resources in High Mountain Asia in the 
context of recent and future glacier change. The Himalayan 
Cryosphere: Past and Present, Special Publications. 
https://doi.org/10.1144/SP462.12 

Salerno F, Thakuri S, Tartari G, et al. (2017) Debris-covered 
glacier anomaly? Morphological factors controlling changes in 
the mass balance, surface area, terminus position, and snow 
line altitude of Himalayan glaciers. Earth and Planetary 
Science Letters 471: 19-31. 
https://doi.org/10.1016/j.epsl.2017.04.039 

Sarikaya MA, Bishop MP, Shroder JF, et al. (2012) Space-based 
observations of Eastern Hindu Kush glaciers between 1976 
and 2007, Afghanistan and Pakistan. Remote Sensing Letters 
3(1): 77-84. https://doi.org/10.1080/01431161.2010.536181 

Scherler D, Bookhagen B, Strecker MR (2011a) Hillslope ‐
glacier coupling: The interplay of topography and glacial 
dynamics in High Asia. Journal of Geophysical Research: 
Earth Surface (2003–2012) 116(F2). 
https://doi.org/10.1029/2010JF001751 

Scherler D, Bookhagen B, Strecker MR (2011b) Spatially 
variable response of Himalayan glaciers to climate change 
affected by debris cover. Nature Geoscience 4: 156. 
https://doi.org/10.1038/ngeo1068 

Shukla A, Ali I (2016) A hierarchical knowledge-based 
classification for glacier terrain mapping: A case study from 
Kolahoi Glacier, Kashmir Himalaya. Annals of Glaciology 
57(71): 1-10. https://doi.org/10.3189/2016AoG71A046 

Shukla A, Qadir J (2016) Differential response of glaciers with 
varying debris cover extent: evidence from changing glacier 
parameters. International Journal of Remote Sensing 37(11): 
2453-2479. https://doi.org/10.1080/01431161.2016.1176272 

Shukla A, Ali I, Hasan N, et al. (2016) Dimensional changes in 
the Kolahoi glacier from 1857 to 2014. Environmental 
Monitoring and Assessment 189(1): 5. 
https://doi.org/10.1007/s10661-016-5703-7 

Teegavarapu RSV, Nayak A (2017) Evaluation of long-term 
trends in extreme precipitation: Implications of in-filled 
historical data use for analysis. Journal of Hydrology 550: 
616-634. https://doi.org/10.1016/j.jhydrol.2017.05.030 

Thomson LI, Zemp M, Copland L, et al. (2016) Comparison of 
geodetic and glaciological mass budgets for White Glacier, 
Axel Heiberg Island, Canada. Journal of Glaciology 63(237): 
55-66. https://doi.org/10.1017/jog.2016.112 

US Geological survey (USGS) (2000) Report by U.S. 
Department of the Interior U.S. Geological Survey. 

Vashisht P, Pandey M, Al R, et al. (2016) Comparative 
Assessment of Volume Change in Kolahoi and Chhota Shigri 
Glaciers, Western Himalayas, Using Empirical Techniques. 
Journal of Climate Change 3 (1): 37-48. 
https://doi.org/10.3233/JCC-170004 

Vincent C, Wagnon P, Shea JM, et al. (2016) Reduced melt on 
debris-covered glaciers: investigations from Changri Nup 
Glacier, Nepal. The Cryosphere 10(4): 1845-1858. 
https://doi.org/10.5194/tc-10-1845-2016 

Wang H, Yang R, Li X, et al. (2017) Glacier parameter extraction 
using Landsat 8 images in the eastern Karakorum. IOP 
Conference Series: Earth and Environmental Science 57(1): 
012004. https://doi.org/10.1088/1755-1315/57/1/012004 

Young NE, Anderson RS, Chignell SM, et al. (2017). A survival 
guide to Landsat preprocessing. Ecology 98(4): 920-932. 
https://doi.org/10.1002/ecy.1730 

Yue S, Pilon P, Cavadias G (2002) Power of the Mann–Kendall 
and Spearman's rho tests for detecting monotonic trends in 
hydrological series. Journal of Hydrology 259(1): 254-271. 
https://doi.org/10.1016/S0022-1694(01)00594-7 

Zhang C, Li W, Travis D (2007) Gaps‐fill of SLC‐off Landsat 
ETM+ satellite image using a geostatistical approach. 
International Journal of Remote Sensing 28(22): 5103-5122. 
https://doi.org/10.1080/01431160701250416  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


